a2 United States Patent

US009166140B2

(10) Patent No.: US 9,166,140 B2

Tanaka et al. 45) Date of Patent: Oct. 20, 2015
(54) PIEZOELECTRIC MATERIAL, (56) References Cited
PIEZOELECTRIC ELEMENT, AND
ELECTRONIC DEVICE U.S. PATENT DOCUMENTS
(71)  Applicant: Canon Kabushiki Kaisha, Tokyo (IP) 8,547,001 B2* 10/2013 Saito etal. ....cooeevvrnrnn. 310/358
8,562,113 B2  10/2013 Harigai
(72) Inventors: Hidenori Tanaka, Yokohama (JP); (Continued)
Takayuki Watanabe, Yokohama (IP);
Shunsuke Murakami, Kawasaki (JP); FOREIGN PATENT DOCUMENTS
Tatsuo Furuta, Machida (JP); Hisato
Yabuta, Machida (JP) CN 1635592 A 7/2005
CN 101026035 A 8/2007
(73) Assignee: Canon Kabushiki Kaisha, Tokyo (JP) (Continued)
(*) Notice:  Subject to any disclaimer, the term of this OTHER PUBLICATIONS
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days. Karaki, T., et al., “Modified BaTiO3 Piezoelectric Ceramics with
Bi203-Li20 Additive”, Ferroelectrics, 2012, pp. 83-87 , 439.
(21) Appl. No.: 14/328,470 (Continued)
(22) Filed: Jul. 10, 2014
65 Prior Publication Dat Primary Examiner — An Do
(65) rior Fublication [ata (74) Attorney, Agent, or Firm — Canon US.A. Inc., IP
US 2015/0015642 Al Jan. 15, 2015 Division
(30) Foreign Application Priority Data 67 ABSTRACT
There is provided a piezoelectric material not containing any
Jul. 12, 2013 (JP) ................................. 2013-146304 lead Component, having stable piezoelectric characteristics in
May 27,2014 (JP) oo 2014-109341 an operating temperature range, a high mechanical quality
(51) Int.Cl factor, and satisfactory piezoelectric characteristics. The
Pl piezoelectric material according to the present invention
B41J 2/045 (2006.01) includes a main component containing a perovskite-type
HOIL 41/18 (2006.01) metal oxide that can be expressed using the following general
(Continued) formula (1), and subcomponents containing Mn, L1i, and Bi.
(52) US.Cl When the metal oxide is 100 parts by weight, the content of
CPC HOIL 41/183 (2013 01) BO6B 1/0644 Mn on a metal basis is not less than 0.04 parts by Welght and
"""""" ) PN i is not greater than 0.36 parts by weight, content o. of Li on a
(20?3'01)’ B41J 2/045 (2013.01); metal basis is equal to or less than 0.0012 parts by weight
(Continued) (including O parts by weight), and content § of Bi on a metal
(58) Field of Classification Search basis is not less than 0.042 parts by weight and is not greater
CPC oo B417 2002/14266; B4172202/03;  than 0830 parts by weight
B41J 2/1607; B41J2/1612; B41J 2002/14258; (Bay Caa(Tiy, 21,5105 M
B41J 2/14201 (in the formula (1), 0.09=x=<0.30, 0.025=y=<0.085, 0=<z<0.02,
USPC i 347/44, 68-72;310/311 and 0.986=a=1.02).
See application file for complete search history. 28 Claims, 23 Drawing Sheets
013 }
o ;
012 21
1011
108 _
103

102 -7 L 104




US 9,166,140 B2

Page 2
(51) Int.ClL 2013/0270965 Al  10/2013 Hayashi
B41J 2/14 (2006.01) 2013/0278681 Al  10/2013 Saito
2013/0328974 Al  12/2013 Tanaka
C04B 35/168 (2006.01) 2014/0042875 Al 2/2014 Suenaga
HOIL 41/09 (2006.01) 2014/0152144 Al 6/2014 Watanabe
HOIL 41/187 (2006.01) 2014/0265724 Al 9/2014 Aida
HO2N 2/10 (2006.01)
HO2N 2/16 (2006.01) FOREIGN PATENT DOCUMENTS
Boos 1/06 (2006.01) CN 101935212 A 1/2011
}GIZ§§ ‘Zt;jz‘017 (388281) CN 101970374 A 2/2011
(2006.01) CN 102531578 A 7/2012
HOIL 41/083 (2006.01) CN 102531503 A 7/2012
(52) U.S.CL EP 2749550 A2 7/2014
CPC ... B41J 2/14 (2013.01); C04B 35/4682 }g 200 94%2%? iz ;gggg
(2013.01); GO2B 27/0006 (2013.01); HOIL P 5010-120835 A 6/2010
41/0477 (2013.01); HO1L 41/083 (2013.01); W 201432963 A 8/2014
HOIL 41/09 (2013.01); HOIL 41/1871 WO 2012/093646 Al 7/2012
(2013.01); HO2N 2/10 (2013.01); HO2N 2/16 WO 2012105584 Al 8/2012
(2013.01) WO 2013/005700 Al 1/2013
’ WO 2013/005701 Al 1/2013
WO 2013/005702 Al 1/2013
(56) References Cited
U.S. PATENT DOCUMENTS OTHER PUBLICATIONS
8,714,712 B2*  5/2014 Hamada .....cocvererevenerene. 347/68 Yoon, M.-S, et al., “Effects of A-site Ca and B-site Zr substitution on
2010/0096952 Al 4/2010 Fukuoka dielectric properties and microstructure in tin-doped BaTiO3-
2010/0220427 Al 9/2010 Symes, Jr. et al. CaTiO3 composites”, Ceramics International, 2008, pp. 1941-1948,
2011/0164331 Al 7/2011 Su_giyama 34.
%81 %%g%ig ﬁ} 1%%8} é SS(?)J;(I)l ZE 211: Synthesis_ Characterization And Effect Of Atmospher On Sintering
2012/0038714 Al 2/2012 Harigai et al. Behavior of BaTiO3.

2013/0056671 Al 3/2013 Kubota
2013/0106960 Al 5/2013 Wang * cited by examiner



U.S. Patent Oct. 20, 2015 Sheet 1 of 23 US 9,166,140 B2

F1G. ]

AL s




U.S. Patent

Oct. 20, 2015 Sheet 2 of 23 US 9,166,140 B2

FL1G. Z2A

BOSh 2 S
R N 224N, £
ED5g 4 D N § g

5O5H -2
5058 e ;

1

BO5b [ SRR 155504
BO5a -4 N
DN




U.S. Patent Oct. 20, 2015 Sheet 3 of 23 US 9,166,140 B2

F1G. 3A

___________________ 1013
: /Zi ____________ 1012 101
| Ao
108~
103
102 540 104

F1G. 3B




US 9,166,140 B2

Sheet 4 of 23

Oct. 20, 2015

U.S. Patent

FI1G. 4




US 9,166,140 B2

Sheet 5 of 23

Oct. 20, 2015

U.S. Patent

FiG. 5




U.S. Patent Oct. 20, 2015 Sheet 6 of 23 US 9,166,140 B2

F1G. 6A

| / Y202
5 S i

=/ :‘:;; 2013 ?_m
] AVIVS

FIG. 68

ey
x@
&3]

>

&

L
4

AY

205

7041

; (] (] () (3
AAMMAN s

204




U.S. Patent Oct. 20, 2015 Sheet 7 of 23 US 9,166,140 B2

i22a, T24b

N T20f 722 ;ﬁ

1225, 729

7250

725 726




US 9,166,140 B2

Sheet 8 of 23

Oct. 20, 2015

U.S. Patent

F1G. 8




U.S. Patent Oct. 20, 2015 Sheet 9 of 23

F1G. 9A

DUST REMOVING APPARATUS
310

N

I
N

e
4 o )
/ v %
‘/ i "\:--—-..,

333 a3 331
§

SEGOND  FIRST PIEZOFLECTRIC
'ELECTRODE ELECTRODE MEMBER

330
PIEZOELECTRIC ELEMENT

F1G. 9B

310

330

US 9,166,140 B2



U.S. Patent Oct. 20, 2015 Sheet 10 of 23 US 9,166,140 B2

332 o
331 1 432~
3314 |
333
333~

SECOND ELECTRODE SURFACE 337-" ) | 336 FiRST ELECTRODE
L SURFACE

F1G. 10A FIG. 10B FI1G, 10C



U.S. Patent Oct. 20, 2015 Sheet 11 of 23 US 9,166,140 B2

310
.--'l\x

F1G. 11A
COMMON
PHASE

F1Go 118
REVERSE
PHASE




US 9,166,140 B2

Sheet 12 of 23

Oct. 20, 2015

U.S. Patent

G, 12

Fl




U.S. Patent Oct. 20, 2015 Sheet 13 of 23 US 9,166,140 B2

~ “x‘__“_“,_"‘
3
A e .
PR (=
VY ‘\X .
Rt WAL ‘\1
Wty

o3

¥

<
X,

F I




U.S. Patent Oct. 20, 2015 Sheet 14 of 23 US 9,166,140 B2




U.S. Patent

Oct. 20, 2015 Sheet 15 of 23

F1G. 10A

US 9,166,140 B2

3000
‘ EXAWPLE 15
= 2500 o COMPARAT | VE
< 6®®8g 0N 0 EXANPLE 2
S 2000 ® ® =i
i @ gﬁ @@@@@ Eﬂmmmammmg
2 {500 - e® g® 0 AL T TT PP
g @$§@§gﬁﬁmu
mE 500t
y f !
100 -50 0 50
TENPERATURE €°C)
F1G. 158
3000
= 20 o905 EXAWPLE 3
o 2000 @@§§§§§@ & “E00nonnong
T 1500 PR T ®Sse0c00e0 o9
gé @aggﬁmgﬂuu
TE {000 4eg8f " o
SN LA GERE
mE  poonnH
{ : i
100 -50 0 50

TEMPERATURE ("¢

N
1
i



U.S. Patent Oct. 20, 2015 Sheet 16 of 23 US 9,166,140 B2

RELATIVE DIELECTRIC

CONSTANT ()

RELATIVE DIELECTRIC

CONSTANT ()

FiG, 160

3000
EXANMPLE 18
2500 -
= g CONMPARATIVE
2000 - @@@% D080, EXANPLE 4
@@@@ s Soe @ﬁﬁﬁiﬁﬁﬁﬁmJarmaﬁ
150068e®” o ®00000 00666 66
1o0omEREEGDEE
500 -
Q : :
~100 ~5Q 4 2t
TEMPERATURE (°C)
F1G. 15D
3000
200 -
™o COMPARATIVE
2000 - sgg £ ﬁﬁj I EXANPLE 5
1500 @W*@ e Dl = = = SR
?GDQ{;}%‘ U )
5@@5» EXAMPLE 21
{3 i |
~104 ~&{} { 50

TEMPERATURE (°C)



U.S. Patent

Oct. 20, 2015 Sheet 17 of 23

FIG. 16A

DISSEPATION FACTOR (-

COMPARATIVE EXAMPLE ¢

M
EXAMPLE 1B

Y=
l§@®@§§§§§$§§@@@%@@@§

g
-100

-50 { 50
TEMPERATURE(PC)

F1G. 168

0.02

8.0

3. 005

DISSIPATION FAGTOR ()

4

0.015T .

COMPARATIVE EXAMPLE 3

:

L
@g@@@@aggm
*Teee2yqe, i

2% 8
EXANPLE 17 989

~100

J
TEMPERATURE (°C)

US 9,166,140 B2



U.S. Patent

DISSIPATION FACTOR{-

BISSIPATION FACTOR ()

Oct. 20, 2015 Sheet 18 of 23 US 9,166,140 B2
HiG. 160
0.02
0,015
il
Yoot COMPARATIVE EXAMPLE 4
Giﬂ@ﬁgmz 5
& o mmaﬁn
®e ~ o
0.005 “*Peq. UB00T00 o ge
@ @@ I ﬁ
. EXANPLE 18 it 11} §§%§@@§@
2100 5D 0 50
TENPERATURE (°C)
HI1G. 16D
0.02
0.015 4
OCapnpf COMPARATIVE EXAMPLE 5
Oog . Og
0.0t - e 'mg
e e @@@@@@
@@@ BD Eﬁmnmugmé gﬁjmzcm
0.005 -®3o0g JPPT
g@%g gelo @%@
o [EXANPLE 21 7 E
~100 50 0 50

TEMPERATURE ("C3



U.S. Patent Oct. 20, 2015 Sheet 19 of 23 US 9,166,140 B2
FiG., 17A

200
180
= 80t g
E.E

& 140 oo

- ® g -

= 80 *88830uans
Z 60 EXAMPLE 15
3

40
20

{

Pi EZﬁE{E\EEGTR 1G

Q : 1 i 1 i :
-30 -20 -10 0 10 20 30 40 50
TEMPERATURE (°C)

FI1G. 178

200
,,,,, 180 -
T 160% g
ol B g COMPARATIVE EXAMPLE 3
120g
&
0o- -~ % g g
) & 9 m
0! *eeesi388 3
a0 EXAMPLE 17
30+
{} H ‘! ; : | : ;
~30 -200 -100 0 10 20 30 40 B0

TEMPERATURE (°C)

PIEZOELECTRIC
CONSTANT da; (om

T




U.S. Patent

Oct. 20, 2015 Sheet 20 of 23

FiG, 17C

200
. 180}
= 160}
S 140F o
=5 104 . %o CONPARATIVE EXANPLE 4
! ®e o0 BB EES
iz 60 EXAMPLE 18
T8 40 )
20
@ i :' ; ) ! : :
~30 -20 -10 0 1D 20 20 40 50
TEMPERATURE (°0)
F1G. 17D
200
o 180
= 160
22 140
o o COMPARATIVE EXANPLE 5
T 100- ° O g o
HE % e g g “Donggoa
J2 60 ®eeeeeeiiiS3 3
oS 40 EXAMPLE 21
20 -
{} i i i ; i : ;
-300 -90 -100 0 10 200 30 40 B0

TEMPERATURE (°C)

US 9,166,140 B2



U.S. Patent

1500

MECHANICAL GUALITY

FACTOR Gm{-

MECHANTCAL QUALITY

FACTOR Qm{-)

1000 -

Oct. 20, 2015 Sheet 21 of 23 US 9,166,140 B2
FIG. 18A
FXAMPLE 15
o ® ® s @B L ® §5€§1@
Hoon
. & = 3 L m
COMPARATIVE EXAMPLE 2
{ EQ 20 30 48 50
TEMPERATURE (°C
FiG. 188
FXAMPLE 17
I3
, 2 @ @ 5
8 @ % @ . @ % & g Ny
& . %o
£ : . %q S oo
5 £ = S B
£y e COMPARATIVE EXAMPLE 3
a0 20 10 é 10 20 3¢ 40 5D

TEMPERATURE ("C)



U.S. Patent

Oct. 20, 2015

Sheet 22 of 23 US 9,166,140 B2

FI1G. 18C

1500
-
=
& 1000 EXAMPLE 18
ek
§ % i & sgeeees @ ¢ e & )
%% s00@ © e% 5 B 5 H mEEHEDonog
22 L85 P E T CONPARATIVE EXAWPLE 4

G H : i ] : i H

30 -20 -0 0 10 20 30 40 50

TEMPERATURE (°C)
FIG. 18D
1500

- ® o EXAMPLE 21
= 1000° Pee g
= . @%@@@@@
m;\.i.f % = = 2 &
S8 . & Y B
poe = H o o Oog
%%5{}{%3?% o BB oo i
o2 COMPARAT IVE EXAMPLE 5

G ; i : ! : : i

30 -20 -0 O 10 20 30 40 5O

TEMPERATURE ("C)



US 9,166,140 B2

Sheet 23 of 23

Oct. 20, 2015

U.S. Patent

L WiV 0L SNIGUMOUDY J0NYY ===

(1Y 3ATLVEYANOO

}

&

0 0= {LNNORY

(TR 20 0= UNNOWY

(FGRYXT 10 0= (INNDRY

(F1dHYYT 3A1LYEYAN0N0) 0= {INNOWY

(I1Y X 0= (INNOWY

(LHNOWY B X

0ov 0 (oL 0 EARY 0010 o0 0

" 000 ¢
= 0200

ugyz
HIVE 4 IR

ug) 7

. 890 ¢

ugyz O
ugyz 08070
0010

61 014

(LNNORY DA



US 9,166,140 B2

1

PIEZOELECTRIC MATERIAL,
PIEZOELECTRIC ELEMENT, AND
ELECTRONIC DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a piezoelectric material,
more specifically, to a piezoelectric material that does not
contain any lead component. Further, the present invention
relates to a piezoelectric element, a multilayered piezoelec-
tric element, a liquid discharge head, a liquid discharge appa-
ratus, an ultrasonic motor, an optical device, a vibrating appa-
ratus, a dust removing apparatus, an imaging apparatus, and
an electronic device, in which the piezoelectric material is
employed.

2. Description of the Related Art

Lead zirconate titanate is a representative lead-containing
piezoelectric material, which can be used in various piezo-
electric devices, such as an actuator, an oscillator, a sensor,
and a filter. However, a lead component is harmful to the
ecological system because there is a possibility that the lead
component of a wasted piezoelectric material may dissolve
into the soil. Accordingly, research and development enthu-
siastically performed recently is directed to non-lead piezo-
electric materials that can realize non-lead piezoelectric
devices.

When a piezoelectric element is employed in a home elec-
trical appliance or a similar product, it is required that the
piezoelectric performances do not greatly change in an oper-
ating temperature range of the product. If a parameter relating
to the piezoelectric performances, e.g., an electromechanical
coupling factor, a dielectric constant, a Young’s modulus, a
piezoelectric constant, a mechanical quality factor, or a reso-
nance frequency, greatly changes (for example, by an amount
equivalent to 30% or more) depending on the temperature, it
becomes difficult to obtain stable element performances in
the operating temperature range. In a phase transition of the
piezoelectric material according to the temperature, the
piezoelectricity is maximized at a phase transition tempera-
ture. Therefore, the phase transition is a factor that causes a
great change in piezoelectric characteristics. Therefore, itis a
key to obtain a product whose piezoelectric performances do
not change so greatly in the operating temperature range that
the phase transition temperature of a piezoelectric material is
not in the operating temperature range.

When a resonance device (e.g., an ultrasonic motor)
includes a piezoelectric composition, the mechanical quality
factor that represents the sharpness of resonance is required to
be large. If the mechanical quality factor is low, an amount of
electric power required to operate a piezoelectric element
becomes higher and a driving control of the piezoelectric
element becomes difficult due to heat generation. This is the
reason why a piezoelectric material possessing a higher
mechanical quality factor is required.

A non-lead piezoelectric material expressed by a pseudo-
binary system solid solution of {[(Ba, .,M1,)((Ti,_,
Zr.),.,1N1,,)0;]-6% [(Bal—ycay)1—x2M2x2)(Til—y2N2y2)O3]}s
in whichM1,N1, M2, and N2 are additive chemical elements,
is discussed in Japanese Patent Application Laid-Open No.
2009-215111. (Ba,_,M1_)(Ti,_Zr,), ,,N1,,)O; is arhom-
bohedral and (Ba, Ca,), ,,M2,,) (Ti, ,,N2,)O; is a tet-
ragonal. Dissolving two components ditferent in the crystal
system enables to adjust the temperature at which the phase
transition occurs between the rhombohedral and the tetrago-
nal around the room temperature. For example, according to
the discussed contents, the phase transition of
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BaTi, 37r, ,05-50% Ba,, ,Ca, ;TiO; occurs around the room
temperature and a piezoelectric constant d,, at 20° C. is 584
pC/N. On the other hand, a piezoelectric constant d, at 70° C.
of the same material is 368 pC/N. More specifically, if an
increased amount in the temperature is 50° C., a reduction
amount in the piezoelectric constant d; is 37%. The above-
mentioned piezoelectric material is characterized in that a
phase transition at which the piezoelectricity is maximized
occurs around the room temperature. Therefore, although the
above-mentioned piezoelectric material demonstrates excel-
lent piezoelectric performances around the room tempera-
ture, it is not desired that the piezoelectric performances is
remarkably variable depending on the temperature. In the
above-mentioned material, the Zr amount (x) is set to be
greater than 0.1 to obtain a rhombohedral of (Ba, ,,M1,,)
((Ti, . Zr,), ,,N1,,)O5, which is an edge component.

The material discussed in Karaki, 15th US-Japan Seminar
on Dielectric and Piezoelectric Ceramics Extended Abstract,
p. 40 to 41 is a non-lead piezoelectric ceramics that can be
obtained by sintering BaTiOj; that includes additives of MnO
(0.03 parts by weight (parts by weight)) and LiBiO, (0t0 0.3
parts by weight) according to a two-step sintering method.
The addition of LiBiO, substantially increases the coercive
field of BaTiO; including the additive of MnO (0.03 parts by
weight) linearly in proportion to the addition amount of
LiBiO,. Further, the addition of LiBiO, substantially
decreases the piezoelectric constant d,;, the dielectric con-
stant, and the dielectric tangent. When the addition amount of
LiBi0O, is 0.17 parts by weight, the piezoelectric constant d, 5
is 243 pC/N and the coercive field is 0.3 kV/mm. When the
additionamount of LiBiO, is 0.3 parts by weight, the coercive
field is 0.5 kV/mm. However, according to an evaluation
result, the above-mentioned piezoelectric material is not
desired in that the temperature at which a phase transition
occurs between the tetragonal and the orthorhombic is in a
range from 5° C. to -20° C. Further, the above-mentioned
piezoelectric material is not desired in that the mechanical
quality factor at the room temperature is low (less than 500).

The above-mentioned conventional non-lead piezoelectric
ceramics is not desired in that the piezoelectric performances
greatly vary in the operating temperature range of a piezo-
electric element and the mechanical quality factor is small.

To solve the above-mentioned problems, the present inven-
tion is directed to a piezoelectric material that does not con-
tain any lead component and is characterized in that the
temperature dependency in the piezoelectric constant is small
in the operating temperature range, the density is high, the
mechanical quality factor is high, and the piezoelectric con-
stant is satisfactory. Further, the present invention is directed
to a piezoelectric element, a multilayered piezoelectric ele-
ment, aliquid discharge head, aliquid discharge apparatus, an
ultrasonic motor, an optical device, a vibrating apparatus, a
dust removing apparatus, an imaging apparatus, and an elec-
tronic device, in which the piezoelectric material is
employed.

SUMMARY OF THE INVENTION

According to an aspect of the present invention, a piezo-
electric material includes a main component containing a
perovskite-type metal oxide that can be expressed using the
following general formula (1), a first subcomponent contain-
ing Mn, a second subcomponent containing Li, and a third
subcomponent containing Bi, wherein the content of Mn on a
metal basis is not less than 0.04 parts by weight and is not
greater than 0.36 parts by weight when the metal oxide is 100
parts by weight, content o of i on a metal basis is equal to or
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less than 0.0012 parts by weight (including O parts by weight)
when the metal oxide is 100 parts by weight, and content § of
Bi on a metal basis is not less than 0.042 parts by weight and
is not greater than 0.850 parts by weight when the metal oxide
is 100 parts by weight

(Balfxcax)a(Tilfyfzzrysnz)OS 1

(in the formula (1), 0.09=x<0.30, 0.025=y=<0.085, 0=z=<0.02,
and 0.986<a<1.02).

According to another aspect of the present invention, a
piezoelectric element is characterized by a first electrode, a
piezoelectric material portion, and a second electrode,
wherein a piezoelectric material that constitutes the piezo-
electric material portion is the above-mentioned piezoelectric
material.

According to yet another aspect of the present invention, a
multilayered piezoelectric element is characterized by a plu-
rality of piezoelectric material layers and a plurality of elec-
trode layers including at least one internal electrode that are
alternately multilayered, wherein the piezoelectric material
layer is the above-mentioned piezoelectric material.

According to yet another aspect of the present invention, a
liquid discharge head is characterized by a liquid chamber
that is equipped with a vibrating unit in which the above-
mentioned piezoelectric element or the above-mentioned
multilayered piezoelectric element is disposed and a dis-
charge port that communicates with the liquid chamber.

According to yet another aspect of the present invention, a
liquid discharge apparatus is characterized by a portion on
which an image transferred medium is placed and the above-
mentioned liquid discharge head.

According to yet another aspect of the present invention, an
ultrasonic motor is characterized by a vibrating body in which
the above-mentioned piezoelectric element or the above-
mentioned multilayered piezoelectric element is disposed
and a moving body that contacts the vibrating body.

An optical device according to the present invention is
characterized by a driving unit that includes the above-men-
tioned ultrasonic motor.

According to yet another aspect of the present invention, a
vibrating apparatus is characterized by a vibrating body in
which the above-mentioned piezoelectric element or the
above-mentioned multilayered piezoelectric element is dis-
posed on a vibration plate.

According to yet another aspect of the present invention, a
dust removing apparatus is characterized by a vibrating unit
in which the above-mentioned vibrating apparatus is pro-
vided.

According to yet another aspect of the present invention, an
imaging apparatus according is characterized by the above-
mentioned dust removing apparatus and an image sensor unit,
wherein a vibration plate of the dust removing apparatus is
provided on alight-receiving surface of the image sensor unit.

According to yet another aspect of the present invention, an
electronic device according to the present invention is char-
acterized by a piezoelectric acoustic device in which the
above-mentioned piezoelectric element or the above-men-
tioned multilayered piezoelectric element is disposed.

Further features of the present invention will become
apparent from the following description of examples with
reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically illustrates a configuration of a piezo-
electric element according to an example of the present inven-
tion.
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FIGS. 2A and 2B are cross-sectional views schematically
illustrating example configurations of a multilayered piezo-
electric element according to an example of the present inven-
tion.

FIGS. 3A and 3B schematically illustrate a configuration
of a liquid discharge head according to an example of the
present invention.

FIG. 4 schematically illustrates a liquid discharge appara-
tus according to an example of the present invention.

FIG. 5 schematically illustrates the liquid discharge appa-
ratus according to an example of the present invention.

FIGS. 6A and 6B schematically illustrate a configuration
of'an ultrasonic motor according to an example of the present
invention.

FIGS. 7A and 7B schematically illustrate an optical device
according to an example of the present invention.

FIG. 8 schematically illustrates the optical device accord-
ing to an example of the present invention.

FIGS. 9A and 9B schematically illustrate a dust removing
apparatus, as an example of a vibrating apparatus according
to an example of the present invention.

FIGS. 10A, 10B, and 10C schematically illustrate a con-
figuration of a piezoelectric element that can be incorporated
in the dust removing apparatus according to an example of the
present invention.

FIGS. 11A and 11B are schematic diagrams illustrating a
principle of vibrations occurring in the dust removing appa-
ratus according to an example of the present invention.

FIG. 12 schematically illustrates an imaging apparatus
according to an example of the present invention.

FIG. 13 schematically illustrates the imaging apparatus
according to an example of the present invention.

FIG. 14 schematically illustrates an electronic device
according to an example of the present invention.

FIGS. 15A, 15B, 15C, and 15D are graphs illustrating
characteristics of piezoelectric materials in comparative
examples 2 to 5 and in examples 15, 17, 18, and with respect
to temperature dependency in relative dielectric constant.

FIGS. 16A, 16B, 16C, and 16D are graphs illustrating
characteristics of piezoelectric materials in comparative
examples 2 to 5 and in examples 15, 17, 18, and with respect
to temperature dependency in dielectric tangent.

FIGS. 17A, 17B, 17C, and 17D are graphs illustrating
characteristics of piezoelectric materials in comparative
examples 2 to 5 and in examples 15, 17, 18, and 21 with
respect to temperature dependency in piezoelectric constant
d,,.

FIGS. 18A, 18B, 18C, and 18D are graphs illustrating
characteristics of piezoelectric materials in comparative
examples 2 to 5 and in examples 15, 17, 18, and with respect
to temperature dependency in mechanical quality factor.

FIG. 19 is a phase diagram illustrating a relationship
between x value and y value (z=0, 0.01, 0.02, and 0.03) of
piezoelectric materials in examples 1to 60, and 76 to 80 of the
present invention and in comparative examples 1 to 23, in
which a dotted line indicates the composition range of the x
value and the y value according to claim 1.

DESCRIPTION OF THE EMBODIMENTS

Various examples, features, and aspects of the invention
will be described in detail below with reference to the draw-
ings.

The present invention provides a non-lead piezoelectric
material that contains (Ba,Ca)(Ti,Zr,Sn)O; as a main compo-
nent and has satisfactory piezoelectricity and insulating prop-
erties. Further, the non-lead piezoelectric material according
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to the present invention is higher in density and mechanical
quality factor. The temperature dependency in the piezoelec-
tric constant is small in an operating temperature range (e.g.,
from 20° C. to 45° C.). A piezoelectric material according to
the present invention has ferroelectric substance characteris-
tics and is employed for various devices, such as a memory or
a sensor.

The piezoelectric material according to the present inven-
tion includes a main component containing a perovskite-type
metal oxide that can be expressed using the following general
formula (1), a first subcomponent containing Mn, a second
subcomponent containing i, and a third subcomponent con-
taining Bi. The content of Mn on a metal basis is not less than
0.04 parts by weight and is not greater than 0.36 parts by
weight when the metal oxide is 100 parts by weight. Content
a of Lion a metal basis is equal to or less than 0.0012 parts by
weight (including 0 parts by weight) when the metal oxide is
100 parts by weight. Content § of Bi on a metal basis is not
less than 0.042 parts by weight and is not greater than 0.850
parts by weight when the metal oxide is 100 parts by weight.

General formula (1) (Ba,_,Ca,)(Ti,.,..Zr,Sn,)O3 (€8]

(In the general formula, 0.09=x<0.30, 0.025<y=<0.085,
0=7=<0.02, and 0.986=<a<1.02)

In the present invention, the perovskite-type metal oxide is
a metal oxide that has a perovskite-type structure (which may
be referred to as a perovskite structure), which is for example
described in the fitth edition of Iwanami Dictionary of Phys-
ics and Chemistry (Iwanami Shoten, published on Feb. 20,
1998). In general, the metal oxide including the perovskite-
type structure can be expressed using a chemical formula of
ABO,;. Two chemical elements A and B contained in the
perovskite-type metal oxide are positioned at “A site” and “B
site”, respectively, in the form ofions. Each of the “A site” and
the “B site” is a specific position of the unit cell. For example,
in a unit cell of cubic system, the chemical element “A” is
positioned at a vertex of a cube. The chemical element B is
positioned at the center of the cube. The element “O” is
positioned at the center of a face of the cube, in the form of
anion of oxygen

The content of each subcomponent (e.g., Mn, Bior Li) “on
a metal basis” indicates the following value. For example, a
method for obtaining the content of Mn includes measuring
contents of respective metals Ba, Ca, Ti, Sn, Zr, Mn, Bi, and
Li contained in the piezoelectric material through X-ray fluo-
rescence analysis (XRF), ICP emission spectrophotometric
analysis, or atomic absorption analysis. Further, the method
includes calculating a chemical element that constitutes the
metal oxide expressed using the general formula (1), as a
value comparable to an oxide. The method further includes
obtaining a ratio of the Mn weight when the total weight of
respective elements is 100.

The piezoelectric material according to the present inven-
tion includes the perovskite-type metal oxide as a main phase,
because the perovskite-type metal oxide has excellent insu-
lating properties. As a way of determining whether the per-
ovskite-type metal oxide is the main phase, for example, it is
useful to check whether a maximum diffraction strength
deriving from the perovskite-type metal oxide is equal to or
greater than 100 times a maximum diftraction strength deriv-
ing from an impurity phase in the X-ray diffraction. It is
desired that the piezoelectric material is wholly constituted
by the perovskite-type metal oxide because the insulating
properties can be maximized. The “main phase” means that
the strongest peak of diffraction strength is caused by the
perovskite-type structure in the powder X-ray diffraction of
the piezoelectric material. A more desirable phase is a “single
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phase” according to which the piezoelectric material is
entirely occupied by perovskite-type structure crystals.

The general formula (1) indicates that the metal oxide
expressed using this formula contains Ba and Ca as metal
elements positioned at the A site and Ti, Zr, and Sn as metal
elements positioned at the B site. However, Ba and Ca can be
partly positioned at the B site. Similarly, Ti and Zr can be
partly positioned at the A site. However, it is not desired that
Sn is positioned at the A site because the piezoelectric char-
acteristics may deteriorate and the synthesis condition may be
limited.

In the general formula (1), the molar ratio between the
chemical element positioned at the B site and the O element is
1:3. However, even if the element amount ratio deviates
slightly (e.g., in a range from 1.00:2.94 to 1.00:3.06), the
present invention encompasses such a deviation in the range
ofthe element amount ratio when the metal oxide contains the
perovskite-type structure as the main phase.

The piezoelectric material according to the present inven-
tion is not restricted to have a specific form and therefore can
be configured as ceramics, powder, monocrystal, film, or
slurry, although ceramics is desired. In the following descrip-
tion, “ceramics” represents a polycrystal containing a metal
oxide as a basic component and configured as an aggregate
(or a bulk body) of crystal grains sintered through a heat
treatment. The “ceramics” according to the present invention
can be a fabricated product obtained after the sintering pro-
cessing.

In the general formula (1), when “x” representing the Ca
amount is in a range of 0.09=x<0.30, representing the Zr
amount is in a range of 0.025=<y=<0.085, “z” representing the
Sn amount is in a range of 0=7<0.02, and “a” representing the
molar ratio between the A site and the B site is in a range of
0.986=a<1.02, the piezoelectric constant becomes a satisfac-
tory value in the operating temperature range.

Inthe general formula (1), the Ca amount “x” is in the range
0f 0.09=x<0.30. If the Ca amount “x” is less than 0.09, tem-
perature T, at which a phase transition from a tetragonal to an
orthorhombic occurs becomes higher than -10° C. As a
result, the temperature dependency in the piezoelectric con-
stant becomes greater in the operating temperature range.

On the other hand, ifthe Ca amount “x” is greater than 0.30,
the piezoelectric constant decreases due to a generation of
CaTiO; (i.e., impurity phase) because Ca is not soluble when
the sintering temperature is equal to or lower than 1400° C.
Further, to obtain a desired piezoelectric constant, it is desired
to set the Ca amount “x” to be equal to or less than 0.26 (i.e.,
x=0.26). It is more desirable that the Ca amount “x” is equal
to orsmaller0.17 (i.e., x<0.17). In the general formula (1), the
Zr amount “y” is in the range of 0.025<y=<0.085. If the Zr
amount “y” is less than 0.025, the piezoelectricity decreases.
Ifthe Zr amount “y” is greater than 0.085, the Curie tempera-
ture (hereinafter, referred to as T,) may become lower than
90° C. If the Curie temperature T, of the piezoelectric mate-
rial is less than 90° C., time degradation of the piezoelectric
constant becomes greater when the usage environment is
inappropriate. To obtain a satisfactory piezoelectric constant
and set the Curie temperature T, to be not lower than 90° C.,
the Zr amount “y” is in the range 0f 0.025=<y=<0.085.

If the Zr amount “y” is equal to or greater than 0.040, it is
feasible to increase the dielectric constant at the room tem-
perature. Accordingly, the piezoelectric constant can be
increased. In view of the foregoing, it is desired to set the
range of Zr amount “y” to be in a range of 0.040=<y=<0.085.
Further, to obtain desired piezoelectricity, it is desired that the
range of Zr amount “y” is 0.055=<y=<0.085.



US 9,166,140 B2

7

It is desired that the Sn amount “z” is in the range of
0=7=<0.02. Similar to the replacement by Zr, replacing Ti by
Sn brings the effect of increasing the dielectric constant at the
room temperature and increasing the piezoelectric constant.
Adding Zr or Sn is effective to enhance the dielectric charac-
teristics of the piezoelectric material. However, the phase
transition temperature T,, of the piezoelectric material
increases when Ti is replaced by Zr or Sn. If the phase tran-
sition temperature T,, is in the operating temperature range,
the temperature dependency in the piezoelectric constant
becomes larger undesirably. Therefore, it is necessary to add
Ca to cancel an increased amount of the phase transition
temperature T,, if it is increased by the addition of Zr or Sn,
because Ca brings an effect of reducing the temperature
dependency in the piezoelectricity. However, replacing Ti by
Sn is superior to replacing Ti by Zr in view of suppressing the
increased amount of the phase transition temperature T, . For
example, if 1% of Ti constituting BaTiOj; is replaced by Zr,
the phase transition temperature T,, increases by an amount
of approximately 12° C. On the other hand, if 1% of Ti is
replaced by Sn, the phase transition temperature T,, increases
by an amount of approximately 5° C. Therefore, the Ca
amount can be effectively reduced by replacing Ti by Sn.
However, it is not desired that the Sn amount “z” is less than
0.02 (i.e., z>0.02), because the Curie temperature T, becomes
lower than 100° C. if the Zr amount is inappropriate.

The ratio “a” {a=(Ba+Ca)/(Zr+Ti+Sn)} representing the
ratio of the total mole number of Ba and Ca to the total mole
number of Zr, T1, and Sn s in the range 0of 0.986=a<1.02. If the
ratio “a” is less than 0.986, an abnormal grain growth may
occur when the piezoelectric material is sintered. Further, an
average grain diameter becomes greater than 50 um and the
mechanical strength of the material decreases. If the ratio “a”
is greater than 1.02, the density of an obtained piezoelectric
material will not be sufficiently high. If the density of the
piezoelectric material is low, the piezoelectricity decreases.
In the present invention, a density difference between a test
piece having been sintered insufficiently and a test piece
having been sintered insufficiently is not less than 5%. To
obtain a piezoelectric material that is higher in density and
excellent in mechanical strength, the ratio “a” is in the range
0f 0.986=a<1.02.

The piezoelectric material according to the present inven-
tion includes Mn as the first subcomponent whose content on
a metal basis is not less than 0.04 parts by weight and is not
greater than 0.36 parts by weight when the perovskite-type
metal oxide expressed using the general formula (1) is 100
parts by weight. If Mn in the above-mentioned range is
included, the mechanical quality factor increases. However, if
the content of Mn is less than 0.04 parts by weight, it is
unfeasible to obtain the effect of increasing the mechanical
quality factor. On the other hand, if the content of Mn is
greater than 0.36 parts by weight, the insulation resistance of
the piezoelectric material decreases. When the insulation
resistance is low, the dielectric tangent at the room tempera-
ture exceeds 0.01 or the resistivity becomes equal to or less
than 1 G Qcm. An impedance analyzer is usable to measure
the dielectric tangent at the room temperature in a state where
an AC electric field having a field intensity of 10 V/cm is
applied at the frequency of 1 kHz.

It is desired that the dielectric tangent of the piezoelectric
material according to the present invention is equal to or less
than 0.006 at the frequency of 1 kHz. When the dielectric
tangent is equal to or less than 0.006, it is feasible to obtain a
stable operation even when the piezoelectric material is
driven in a state where an electric field having a maximum
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field intensity of 500 V/cm is applied to the piezoelectric
material under element driving conditions.

The form of Mn is not limited to a metal and can be an Mn
component contained in the piezoelectric material. For
example, Mn is soluble at the B site or can be positioned at the
grain boundary. Further, it is useful that an Mn component in
the form of metal, ion, oxide, metal salt, or complex is con-
tained in the piezoelectric material. It is desirable that the
piezoelectric material contains Mn to enhance insulating
properties and improve sintering easiness. In general, the
valence of Mn is 4+, 2+, or 3+. If a conduction electron is
present in the crystal (e.g., when an oxygen defect is present
in the crystal or when a donor element occupies the A site), the
valence of Mn decreases from 4+ to 3+ or 2+ to trap the
conduction electron. Therefore, the insulation resistance can
be improved.

On the other hand, if the valence of Mn is lower than
4+(e.g., when the valence of Mn is 2+), Mn serves as an
acceptor. When the acceptor of Mn is present in a perovskite
structured crystal, a hole is generated in the crystal or an
oxygen vacancy is formed in the crystal.

If the valence of added Mn is mostly 2+ or 3+, the insula-
tion resistance decreases significantly because the hole can-
not be compensated sufficiently by the introduction of the
oxygen vacancy. Accordingly, it is desired that most of Mn is
4+. However, a very small amount of Mn has a valence lower
than 4+ and therefore serves as an acceptor that occupies the
B site of the perovskite structure and may form an oxygen
vacancy. Mn having a valence of 2+ or 3+ and the oxygen
vacancy form a defect dipole, which can increase the
mechanical quality factor of the piezoelectric material. If a
trivalent Bi occupies the A site, Mn tends to take a valence
lower than 4+ to maintain the charge balance.

The valence of a very small amount of Mn added to a
non-magnetic (diamagnetic) material can be evaluated by
measuring a temperature dependency in magnetic suscepti-
bility. The magnetic susceptibility can be measured by a
superconducting quantum interference device (SQUID), a
vibrating sample magnetometer (VSM), or a magnetic bal-
ance. The Curie-Weiss Law that can be expressed by the
following general formula 2 is usable to express the magnetic
susceptibility x obtained through the above-mentioned mea-
surement.

%=C/(T-6) (Formula 2)

In the formula 2, C represents Curie constant and 6 repre-
sents paramagnetic Curie temperature.

In general, a very small amount of Mn added to a non-
magnetic material takes a spin value S=5/2 when the valence
is 2+, S=2 when 3+, and S=3/2 when 4+. Accordingly, a Curie
constant C per unit Mn amount takes a value corresponding to
the spin S value at each valence of Mn. In other words, an
average valence of Mn contained in a test piece can be evalu-
ated by deriving the Curie constant C from the temperature
dependency in the magnetic susceptibility .

To evaluate the Curie constant C, it is desired to set the
starting temperature as low as possible in the measurement of
the temperature dependency in the magnetic susceptibility. In
other words, the measurement becomes difficult if the Mn
amount is a very small amount because the magnetic suscep-
tibility takes a very small value at a comparatively high tem-
perature (including the room temperature). The Curie con-
stant C can be derived from the gradient of a straight line
obtainable when a reciprocal 1/y of the magnetic susceptibil-
ity is plotted in relation to the temperature T in the collinear
approximation.
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The piezoelectric material according to the present inven-
tion includes Li as the second subcomponent whose content
on a metal basis is equal to or less than 0.0012 parts by weight
(including O parts by weight) and Bi as the third subcompo-
nent whose content on a metal basis is not less than 0.042
parts by weight and is not greater than 0.850 parts by weight
when the perovskite-type metal oxide that can be expressed
using the general formula (1) is 100 parts by weight. It is more
desirable that the content of Li is 0 parts by weight. For
example, the ICP-MS composition analysis is useful to mea-
sure the content of L.i and Bi in the piezoelectric material.
When the measured value is less than 0.00001 parts by weight
(measurement limitation), the measured value is regarded as
0 parts by weight. If the content of Li is equal to or less than
0.0012 parts by weight, Li has no adverse influence on the
piezoelectric constant. When the content of Li is equal to or
less than 0.0012 parts by weight (more preferably, when the
content of Li is 0 parts by weight), it is feasible to obtain an
excellent interface adherence between a piezoelectric mate-
rial and an electrode when the piezoelectric material is used to
fabricate a piezoelectric element.

Further, if the content of Bi is less than 0.042 parts by
weight, the effect of lowering the phase transition tempera-
ture and increasing the mechanical quality factor cannot be
obtained. If the content of Bi is greater than 0.850 parts by
weight, the electromechanical coupling factor decreases
greatly. The reduction amount in this case is comparable to
30% of a value to be obtained when Bi is not contained.

Inthe piezoelectric material according to the present inven-
tion, Li and Bi can be positioned at the grain boundary or can
be dissolved in the perovskite-type structure of (Ba,Ca)(Ti,
Zr,Sn)0;.

When Li and Bi are positioned at the grain boundary, the
friction between particles decreases and the mechanical qual-
ity factor increases. When Li and Bi are dissolved in (Ba,Ca)
(Ti,Zr,Sn)O, having the perovskite structure, T,, and T,, val-
ues become lower and therefore the temperature dependency
in the piezoelectric constant becomes smaller in the operating
temperature range. Further, the mechanical quality factor can
be increased.

For example, X-ray diffraction, electron beam diffraction,
electron microscope, and ICP-MS are usable to evaluate the
place where Li and Bi are present.

When Li and Bi are positioned at the B site, the lattice
constant of the perovskite structure increases because ion
radii of Li and Bi are greater than those of Ti and Zr.

When Li and Bi are positioned at the A site, the “a” value
optimum to sinter a high-density ceramics becomes smaller.
In the phase diagram of BaO and TiO,, a liquid phase is
present at a high temperature on a TiO, rich side of a compo-
sition in which the molar ratio between BaO and TiO, is 1:1.
Therefore, an abnormal grain growth occurs in the sintering
of BaTiO; ceramics due to sintering in the liquid phase if the
TiO, component exceeds a stoichiometric ratio. On the other
hand, the density of the ceramics decreases because the sin-
tering does not advance smoothly if the rate of BaO compo-
nent is greater. When both Li and Bi components are present
at the A site, the sintering of ceramics may not advance
smoothly because of excessive components positioned at the
A site. As a result, the density of the ceramics decreases. In
such a case, it is useful to lower the “a” value to promote the
sintering and obtain a high-density test piece.

For the purpose of easily manufacturing the piezoelectric
material according to the present invention or adjusting
physical properties of the piezoelectric material according to
the present invention, it is useful to replace 1 mol % or less of
Ba and Ca by a bivalent metal element (e.g., Sr). Similarly, it
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is useful to replace 1 mol % or less of Ti, Zr, and Sn by a
tetravalent metal element (e.g., Hf).

For example, the Archimedes method is usable to measure
the density of a sintered compact. In the present invention, if
a relative density (P ,z./Pmeas.)s Which represents the ratio of
theoretical density (p_,;.) to measured density (0,,..s)s 18
equal to or greater than 95%, it can be regarded that the
measured piezoelectric material has a sufficiently high den-
sity. The theoretical density (p_,;.) can be obtained with
reference to composition and lattice constant of the sintered
compact.

The piezoelectricity of a piezoelectric material disappears
when the temperature is equal to or higher than the Curie
temperature T .. In the following description, T represents
the temperature at which the dielectric constant can be maxi-
mized around the phase transition temperature of a ferroelec-
tric phase (tetragonal phase) and a paraelectric phase (cubic
phase). The dielectric constant can be measured using, for
example, the impedance analyzer at the frequency of 1 kHz in
a state where the AC electric field having the field intensity of
10 V/em is applied.

The piezoelectric material according to the present inven-
tion causes sequential phase transitions to arhombohedral, an
orthorhombic, a tetragonal, and a cubic crystal when the
temperature increase starts from a lower level. The phase
transition referred to in the present example is limited to a
phase transition from the orthorhombic to the tetragonal or a
phase transition from the tetragonal to the orthorhombic. The
phase transition temperature can be evaluated using a mea-
suring method similar to that employed for the Curie tem-
perature. The phase transition temperature refers to the tem-
perature at which a derivative, which is obtainable by
differentiating the dielectric constant by the test piece tem-
perature, can be maximized. For example, X-ray diffraction,
electron beam diffraction, and Raman scattering are usable to
evaluate the crystal system.

The mechanical quality factor decreases when a domain
wall vibrates. In general, the density of the domain wall
increases and the mechanical quality factor decreases when
the complicatedness of a domain structure increases. The
crystal orientation of spontaneous polarization of an orthor-
hombic or tetragonal perovskite structure is <110> or <100>
when expressed according to the pseudo-cubic crystal nota-
tion. More specifically, compared to an orthorhombic struc-
ture, a tetragonal structure has a lower spatial flexibility in
spontaneous polarization. Therefore, the tetragonal structure
is superior to the orthorhombic structure in that the domain
structure becomes simple and the mechanical quality factor
becomes higher even when the composition is identical.
Accordingly, it is desired that the piezoelectric material
according to the present invention has the tetragonal struc-
ture, rather than the orthorhombic structure, in the operating
temperature range.

The dielectric constant and the electromechanical coupling
factor are maximized around the phase transition tempera-
ture. On the other hand, the Young’s modulus is minimized.
The piezoelectric constant can be expressed as a function
using the above-mentioned three parameters. The piezoelec-
tric constant takes an extreme value or an inflection point
around the phase transition temperature. Therefore, if a phase
transition occurs in the operating temperature range of a
device, it becomes difficult to control the device because
performances of the device extremely vary depending on the
temperature or the resonance frequency varies depending on
the temperature. Accordingly, it is desired that the phase
transition (i.e., the maximum factor that causes a variation in
piezoelectric performances) is not in the operating tempera-
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ture range. If the phase transition temperature deviates from
the operating temperature range, the temperature dependency
in piezoelectric performances decreases in the operating tem-
perature range.

The piezoelectric material according to the present inven-
tion includes a fourth subcomponent containing Mg. It is
desired that the content of the fourth subcomponent on a
metal basis is equal to or less than 0.10 parts by weight
(excluding O parts by weight) when the perovskite-type metal
oxide that can be expressed using the general formula (1) is
100 parts by weight.

When the content of Mg is greater than 0.10 parts by
weight, the mechanical quality factor becomes smaller (e.g.,
less than 600). Ifthe piezoelectric material is used to fabricate
apiezoelectric element and the fabricated element is driven as
a resonance device, power consumption increases when the
mechanical quality factor is small. It is desired that the
mechanical quality factor is equal to or greater than 800. It is
more desirable that the mechanical quality factor is equal to or
greater than 1000. To obtain a more desirable mechanical
quality factor, it is desired that the content of Mg is equal to or
less than 0.05 parts by weight.

The form of Mg can be a Mg component contained in
piezoelectric material. The form of Mg is not limited to a
metal Mg. For example, Mg is soluble at the A site or the B
site of the perovskite structure or can be positioned at the
grain boundary. Alternatively, it is useful that an Mg compo-
nent in the form of metal, ion, oxide, metal salt, or complex is
contained in the piezoelectric material.

It is desired that the piezoelectric material according to the
present invention includes a fifth subcomponent that contains
atleast one of Siand B. It is desired that the content of the fifth
subcomponent on a metal basis is not less than 0.001 parts by
weight and is not greater than 4.000 parts by weight when the
metal oxide that can be expressed using the general formula
(1) is 100 parts by weight. The fifth subcomponent has a role
of lowering the sintering temperature of the piezoelectric
material according to the present invention. When the piezo-
electric material is incorporated in a multilayered piezoelec-
tric element, the piezoelectric material is sintered together
with an electrode material in the manufacturing process
thereof. In general, the heat-resistant temperature of an elec-
trode material is lower than that of the piezoelectric material.
Therefore, if the sintering temperature of the piezoelectric
material can be reduced, the energy required to sinter the
piezoelectric material can be reduced and the number of
employable electrode materials can be increased.

Further, Si and B are segregated at the grain boundary of
the piezoelectric material. Therefore, leakage current flowing
along the grain boundary reduces and the resistivity becomes
higher.

When the content of the fifth subcomponent is less than
0.001 parts by weight, the effect of lowering the sintering
temperature cannot be obtained. When the content of the fifth
subcomponent is greater than 4.000 parts by weight, the
dielectric constant decreases and, as a result, the piezoelec-
tricity decreases. When the content of the fifth subcomponent
is not less than 0.001 parts by weight and is not greater than
4.000 parts by weight, the reduction of piezoelectricity can be
suppressed to 30% or less and the sintering temperature can
be reduced. In particular, it is more desirable to set the content
of the fifth subcomponent to be not less than 0.05 parts by
weight because sintering a high-density ceramics at a sinter-
ing temperature lower than 1250° C. becomes feasible. Fur-
ther, it is more desirable to set the content of the fifth sub-
component to be not less than 0.09 parts by weight and not
greater than 0.15 parts by weight because the sintering can be
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performed at 1200° C. or lower and the reduction of piezo-
electricity can be suppressed to 20% or less.

It is desired that the piezoelectric material according to the
present invention satisfies a relationship y+z=<(11x/14)-0.037
in the general formula (1). When x, y, and z satisfy the above-
mentioned relationship, the phase transition temperature T,,
becomes lower than —20° C. and the temperature dependency
in the piezoelectric constant becomes smaller in the operating
temperature range.

It is desired that the Curie temperature of the piezoelectric
material according to the present invention is equal to or
higher than 100° C. When the Curie temperature is equal to or
higher than 100° C., the piezoelectric material according to
the present invention can possess a stable piezoelectric con-
stant and an adequate mechanical quality factor while main-
taining the piezoelectricity satisfactorily even in a severe
temperature condition comparable to the temperature inside a
vehicle (e.g., 80° C.) in the summer season.

A method for manufacturing the piezoelectric material
according to the present invention is not specifically limited.

In manufacturing a piezoelectric ceramics, a general
method including sintering a solid powder (e.g., oxide, car-
bonate, nitrate, or oxalate) containing constituent elements
under a normal pressure is employable. Appropriate metal
compounds, such as Ba compound, Ca compound, Ti com-
pound, Zr compound, Sn compound, Mn compound, Li com-
pound, and Bi compound, are usable as raw materials for the
piezoelectric material according to the present invention.

For example, barium hydroxide, barium carbonate, barium
oxalate, barium acetate, barium nitrate, barium titanate,
barium zirconate, and barium titanate zirconate are Ba com-
pounds usable in the present invention.

For example, calcium oxide, calcium carbonate, calcium
oxalate, calcium acetate, calcium titanate, and calcium zir-
conate are Ca compounds usable in the present invention.

For example, titanium oxide, barium titanate, barium titan-
ate zirconate, and calcium titanate are Ti compounds usable in
the present invention.

For example, zirconium oxide, barium zirconate, barium
titanate zirconate, and calcium zirconate are Zr compounds
usable in the present invention.

For example, tin oxide, barium stannate, and calcium stan-
nate are Sn compounds usable in the present invention.

For example, manganese carbonate, manganese monox-
ide, manganese dioxide, tetramanganese trioxide, and man-
ganese acetate are Mn compounds usable in the present inven-
tion.

For example, lithium carbonate and lithium bismuthic acid
are Li compounds usable in the present invention.

For example, bismuth oxide and lithium bismuthic acid are
Bi compounds usable in the present invention.

Further, a raw material to be required to adjust “a” {a=(Ba+
Ca)/(Zr+Ti+Sn)} representing the ratio of the total mole num-
ber of Ba and Ca to the total mole number of Ti, Zr, and Sn of
the piezoelectric ceramics according to the present invention
is not specifically limited. Each of the above-mentioned Ba
compounds, Ca compounds, Ti compounds, Zr compounds,
and Sn compounds brings similar effects.

A method for granulating the raw material powder for the
piezoelectric ceramics according to the present invention is
not specifically limited. A binder usable in the granulation is,
for example, polyvinyl alcohol (PVA), polyvinyl butylal
(PVB), or acrylic resin. It is desired that the addition amount
of'the binder is in a range from 1 parts by weight to 10 parts
by weight. Further, it is desired to set the addition amount of
the binder to be in a range from 2 parts by weight to 5 parts by
weight because the molding density can be increased. It is
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useful to granulate a mixed powder that can be obtained by
mechanically mixing the above-mentioned Ba compound, Ca
compound, Ti compound, Zr compound, Sn compound, and
Mn compound. It is also useful to calcinate the above-men-
tioned compounds in a temperature range of 800 to 1300° C.
before these compounds are granulated. Further, it is useful to
add the Mn compound and a binder simultaneously to the
calcinated mixture of the above-mentioned Ba compound, Ca
compound, Ti compound, Zr compound, Sn compound, Li
compound, and Bi compound. Further, if it is required to
obtain a granulated powder having a uniform grain diameter,
the most desirable granulation method is a spray-dry method.

A method for fabricating the piezoelectric ceramics com-
pact according to the present invention is not specifically
limited. The compact is a solid body that can be fabricated
from a raw material powder, a granulated powder, or slurry.
The fabrication of the compact can be realized, for example,
by uniaxial pressurization working, cold hydrostatic pressure
working, warm hydrostatic pressure working, cast molding,
or extrusion molding.

A method for sintering the piezoelectric ceramics accord-
ing to the present invention is not specifically limited. The
sintering method is, for example, a sintering method using an
electric furnace, a sintering method using a gas furnace, an
electric heating method, a microwave sintering method, a
milliwave sintering method, or a hot isotropic press (HIP).
The electric furnace based sintering and the gas furnace based
sintering can be realized by a continuous furnace or a batch
furnace.

The above-mentioned sintering method does not specifi-
cally limit the sintering temperature of the ceramics. How-
ever, it is desired that the sintering temperature is sufficient to
cause each compound to react and cause the crystal to grow.
Ifthe ceramics is required to have a grain diameter of 3 um to
30 um, the desirable sintering temperature is not lower than
1100° C. and is not higher than 1550° C. It is more desirable
to set the sintering temperature to be not lower than 1100° C.
and not higher than 1380° C. The piezoelectric ceramics
having been sintered in the above-mentioned temperature
range demonstrates satisfactory piezoelectric performances.

Ifit is required to constantly stabilize the characteristics of
a piezoelectric ceramics obtained through the sintering pro-
cessing, it is desired that the sintering time is not shorter than
two hours and not longer than 24 hours under a condition that
the sintering temperature is maintained within the above-
mentioned range.

Although a conventionally known sintering method (e.g.,
the two-step sintering method) is employable, it is useful to
select an appropriate method that does not cause any abrupt
change in the temperature when the productivity is taken into
consideration.

When the piezoelectric ceramics is subjected to a polish
working, it is desired that the piezoelectric ceramics is sub-
sequently subjected to a heat treatment at 1000° C. or higher.
When the piezoelectric ceramics is mechanically polished, a
significant residual stress is generated in the piezoelectric
ceramics. However, the residual stress can be reduced by
performing the heat treatment at 1000° C. or higher. The
piezoelectric characteristics of the piezoelectric ceramics can
be further improved. Further, performing the above-men-
tioned heat treatment is effective to remove the raw material
powder (including barium carbonate) that may deposit along
the grain boundary portion. Although the time required to
complete the heat treatment is not specifically limited, it is
desired that the heat treatment time is equal to or greater than
one hour.
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If the crystal grain diameter of the piezoelectric material
according to the present invention exceeds 50 pm, the mate-
rial strength may be insufficient for a cut working and a polish
working. Further, the piezoelectricity deteriorates if the grain
diameter is less than 0.3 um. Accordingly, it is desired that an
average grain diameter range is not less than 0.3 pm and is not
greater than 50 um. It is more desirable that the grain diameter
range is not less than 3 pm and is not greater than 30 um.

In the present invention, the “grain diameter” is a “pro-
jected area diameter” that is generally referred to in a micro-
scopic observation method. More specifically, the “grain
diameter” represents the diameter of a perfect circle that has
an area comparable to the projected area of the crystal grain.
A method for measuring the grain diameter according to the
present invention is not specifically limited. For example, the
grain diameter can be obtained by performing image process-
ing on a photographic image of a surface of a piezoelectric
material that can be captured by a polarizing microscope or a
scanning electron microscope. It may be useful to selectively
use either the optical microscope or the electron microscope
because the optimum magnification is variable depending on
the diameter of a target particle. It is also useful to obtain an
equivalent circle diameter based an image of a polished sur-
face or a cross section of the material.

When the piezoelectric material according to the present
invention is used to fabricate a film on a substrate, it is desired
that the thickness of the piezoelectric material is not less than
200 nm and is not greater than 10 pm. It is more desirable that
the thickness of the piezoelectric material is not less than 300
nm and is not greater than 3 pum. When the film thickness of
the piezoelectric material is not less than 200 nm and is not
greater than 10 pm, the piezoelectric element can possess a
sufficient electromechanical transducing function.

A film forming method is not specifically limited. For
example, a chemical solution deposition (CSD) method, a
sol-gel method, a metal organic chemical vapor deposition
(MOCVD) method, a sputtering method, a pulsed laser depo-
sition (PLD) method, a hydrothermal method, an aerosol
deposition (AD) method are usable to form a film. When the
film to be formed is a multilayered film, the most desirable
method selectable from the above-mentioned methods is the
chemical solution deposition method or the sputtering
method. The chemical solution deposition method or the
sputtering method is preferably used to form a film having a
large area. A monocrystal substrate being cut and polished
along a (001) or (110) plane is preferably used as a substrate
of the piezoelectric material according to the present inven-
tion. Using the monocrystal substrate being cut and polished
along a specific crystal plane is useful in that a piezoelectric
material film to be provided on a substrate surface can be
strongly orientated in the same direction.

Hereinafter, a piezoelectric element using the piezoelectric
material according to the present invention is described in
detail below.

FIG. 1 schematically illustrates a configuration of the
piezoelectric element according to an example of the present
invention. The piezoelectric element according to the present
invention includes a first electrode 1, a piezoelectric material
portion 2, and asecond electrode 3. The piezoelectric element
is characterized in that the piezoelectric material portion 2 is
constituted by the piezoelectric material according to the
present invention.

When the piezoelectric material according to the present
invention is incorporated into a piezoelectric element includ-
ing at least the first electrode and the second electrode, the
piezoelectric element can possess evaluable piezoelectric
characteristics. Each of the first electrode and the second
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electrode is an electrically conductive layer having a thick-
ness of 5 nm to 10 um. The material of the first and second
electrodes is not specifically limited and can be any material
ordinarily usable for piezoelectric elements. For example,
metals such as Ti, Pt, Ta, Ir, Sr, In, Sn, Au, Al, Fe, Cr, Ni, Pd,
Ag, and Cu and their compounds are usable.

Each of the first electrode and the second electrode can be
formed as a single layer made of only one material selected
from the above-mentioned examples or can be formed as a
multilayered electrode including at least two materials. Fur-
ther, the material of the first electrode can be differentiated
from the material of the second electrode.

The method for manufacturing the first electrode and the
second electrode is not specifically limited. For example, the
manufacturing method can include baking a metal paste. Fur-
ther, the sputtering method or the vapor deposition method is
usable. Further, patterning the first electrode and the second
electrode into desired shapes is also useful.

It is more desirable that polarization axes of the piezoelec-
tric element are uniformly oriented in a predetermined direc-
tion. When the polarization axes are uniformly oriented in the
predetermined direction, the piezoelectric constant of the
piezoelectric element becomes greater.

A method for polarizing the piezoelectric element is not
specifically limited. The polarization processing can be per-
formed in the atmosphere or can be performed in a silicone
oil. Itis desired that the polarization temperature is in a range
from 60° C. to 150° C. However, optimum conditions are
slightly variable depending on actual compositions of a
piezoelectric material that is employed to constitute an ele-
ment. Further, it is desired that the electric field to be applied
in the polarization processing is in a range from 600 V/mm to
2.0 kV/mm.

The piezoelectric constant and the electromechanical qual-
ity factor of the piezoelectric element can be calculated based
on measurement results of the resonance frequency and the
antiresonance frequency obtained by a commercially avail-
able impedance analyzer, with reference to standards of Japan
Electronics and Information Technology Industries Associa-
tion (JEITA EM-4501). Hereinafter, the above-mentioned
method is referred to as a resonant-antiresonant method.

Next, a multilayered piezoelectric element that can be fab-
ricated using the piezoelectric material according to the
present invention is described in detail below.
<Multilayered Piezoelectric Element>

The multilayered piezoelectric element according to the
present invention is a multilayered piezoelectric element that
includes a plurality of piezoelectric material layers and a
plurality of electrodes including at least one internal elec-
trode, which are alternately multilayered. The piezoelectric
material layer that constitutes the multilayered piezoelectric
element is characterized by being made of the piezoelectric
material according to the present invention.

FIGS. 2A and 2B are cross-sectional views schematically
illustrating example configurations of the multilayered piezo-
electric element according to an example of the present inven-
tion. The multilayered piezoelectric element according to the
present invention includes piezoelectric material layers 54
and electrodes including an internal electrode 55. In other
words, the multilayered piezoelectric element according to
the present invention is characterized by including piezoelec-
tric material layers and at least one layered electrode that are
alternately multilayered and the piezoelectric material layer
54 is made of the above-mentioned piezoelectric material.
The electrodes of the multilayered piezoelectric element can
include external electrodes, such as a first electrode 51 and a
second electrode 53, in addition to the internal electrode 55.
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FIG. 2A illustrates an example of the multilayered piezo-
electric element according to the present invention, which
includes two piezoelectric material layers 54 and a single
internal electrode 55 that are alternately multilayered in such
a way as to constitute a multilayered structure sandwiched
between the first electrode 51 and the second electrode 53.
The number of the piezoelectric material layers and the inter-
nal electrodes can be increased as illustrated in FIG. 2B. The
number of constituent layers is not limited to a specific value.
The multilayered piezoelectric element illustrated in FIG. 2B
includes nine piezoelectric material layers 504 and eight
internal electrodes 505 that are alternately multilayered in
such a way as to constitute a multilayered structure sand-
wiched between the first electrode 501 and the second elec-
trode 503. The multilayered piezoelectric element illustrated
in FIG. 2B further includes two external electrodes 5064 and
5065 that electrically connect the alternately disposed inter-
nal electrodes.

The internal electrodes 55 and 505 and the external elec-
trodes 5064 and 50654 are not always similar to the piezoelec-
tric material layers 54 and 504 in size and shape. Each elec-
trode can be further divided into a plurality of subelectrodes.

Each of the internal electrodes 55 and 505, the external
electrodes 506a and 5065, the first electrodes 51 and 501, and
the second electrodes 53 and 503 is constituted by an electri-
cally conductive layer having a thickness of 5 nm to 10 pm.
The material of each electrode is not specifically limited and
can be an ordinary material that can be used for a piezoelectric
element. For example, metals such as Ti, Pt, Ta, Ir, Sr, In, Sn,
Au, Al, Fe, Cr, Ni, Pd, Ag, and Cu and their compounds are
usable as the electrode constituting the multilayered piezo-
electric element. One material or a mixture (or an alloy)
containing two or more materials selected from the above-
mentioned group can be used as the internal electrodes 55 and
505 and the external electrodes 506a and 5065. Further, two
or more materials selected form the above-mentioned group
can be multilayered. Further, a plurality of electrodes can be
made of mutually different materials. When the cheapness of
the electrode material is taken into consideration, it is desired
that the internal electrodes 55 and 505 include at least one of
Ni and Cu. When the internal electrodes 55 and 505 use at
least one of Ni and Cu, it is desired that the multilayered
piezoelectric element according to the present invention is
sintered in a reducing atmosphere.

In the multilayered piezoelectric element according to the
present invention, it is desired that the internal electrode
includes Ag and Pd and a relationship 0.25=M1/M2=4.0 is
satisfied with respect to a weight ratio M1/M2, in which M1
represents the content of Ag and M2 represents the content of
Pd. It is not desired to set the weight ratio M1/M2 to be less
than 0.25 because the sintering temperature of the internal
electrode becomes higher. Further, it is not desired to set the
weight ratio M1/M2 to be greater than 4.0 because the inter-
nal electrode becomes an island shape. In other words, the
internal electrode surface becomes ununiform. It is more
desirable that a relationship 0.3=M1/M2<3.0 is satisfied with
respect to the weight ratio M1/M2.

As illustrated in FIG. 2B, a plurality of electrodes includ-
ing the internal electrode 505 can be electrically connected to
each other to equalize the driving voltage phase. For example,
each internal electrode 5054 can be electrically connected to
the first electrode 501 via the external electrode 506a. Each
internal electrode 5055 can be electrically connected to the
second electrode 503 via the external electrode 5065. The
internal electrodes 5054 and the internal electrodes 5055 can
be alternately disposed. Further, the way of electrically con-
necting electrodes is not limited to a specific structure. For
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example, it is useful to provide a dedicated electrode or wiring
on a side surface of the multilayered piezoelectric element to
realize a comparable electrical connection between elec-
trodes. It is also useful to provide a through-hole that extends
across a plurality of piezoelectric material layers and fill the
inside space thereof with an electrically conductive material
to realize a comparable electrical connection between elec-
trodes.

<Liquid Discharge Head>

A liquid discharge head according to the present invention
is characterized by a liquid chamber that is equipped with a
vibrating unit in which the above-mentioned piezoelectric
element or the above-mentioned multilayered piezoelectric
element is disposed and a discharge port that communicates
with the liquid chamber. The liquid to be discharged from the
liquid discharge head according to the present invention is not
limited to a specific fluid. For example, the liquid discharge
head according to the present invention can discharge aque-
ous liquid (e.g., water, ink, or fuel) or non-aqueous liquid.

FIGS. 3A and 3B schematically illustrate a configuration
of the liquid discharge head according to an example of the
present invention. As illustrated in FIGS. 3A and 3B, the
liquid discharge head according to the present invention
includes a piezoelectric element 101 according to the present
invention. The piezoelectric element 101 includes a first elec-
trode 1011, a piezoelectric member 1012, and a second elec-
trode 1013. The piezoelectric member 1012 is formed as a
patterning, if necessary, as illustrated in FIG. 3B.

FIG. 3B is a schematic diagram illustrating a liquid dis-
charge head. The liquid discharge head includes a plurality of
discharge ports 105, individual liquid chambers 102, continu-
ous holes 106 each connecting the individual liquid chamber
102 to the corresponding discharge port 105, a liquid chamber
bulkhead 104, a common liquid chamber 107, a vibration
plate 103, and the piezoelectric element 101. The piezoelec-
tric element 101 illustrated in FIGS. 3A and 3B has a rectan-
gular shape. However, the piezoelectric element 101 can be
configured to have an elliptic, circular, or parallelogrammatic
shape. In general, the piezoelectric member 1012 has a shape
similar to that of the individual liquid chamber 102.

A peripheral structure of the piezoelectric element 101
included in the liquid discharge head according to the present
invention is described in detail below with reference to FIG.
3A. FIG. 3A is a cross-sectional view of the piezoelectric
element illustrated in FIG. 3B, taken along the width direc-
tion. The cross-sectional shape of the piezoelectric element
101 is not limited to an illustrated rectangular shape and can
be a trapezoidal or reverse trapezoidal shape.

In FIGS. 3A and 3B, the first electrode 1011 serves as a
lower electrode and the second electrode 1013 serves as an
upper electrode. However, the first electrode 1011 and the
second electrode 1013 are not limited the above-mentioned
arrangement. For example, the first electrode 1011 can be
used as the upper electrode and the second electrode 1013 can
be used as the lower electrode. Further, it is useful to provide
a buffer layer 108 between the vibration plate 103 and the
lower electrode. The above-mentioned differences in the
names to be referred to are dependent on the manufacturing
method of an individual device. In any case, effects of the
present invention can be obtained.

In the liquid discharge head, the vibration plate 103 moves
in the up-and-down direction in response to an expansion/
contraction motion of the piezoelectric member 1012 in such
a way as to pressurize the liquid in the individual liquid
chamber 102. As a result, the liquid can be discharged from
the discharge port 105. The liquid discharge head according
to the present invention can be incorporated into a printer and
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can be used in the manufacturing of an electronic device. The
thickness of the vibration plate 103 is not less than 1.0 um and
is not greater than 15 um. It is desired to set the thickness of
the vibration plate 103 to be not less than 1.5 um and not
greater than 8 pum. It is desired that the vibration plate is made
of'Si, although the material of the vibration plate is not limited
to a specific material. Further, the vibration plate can be
configured as aboron (or phosphorus) doped vibration plate if
the vibration plate contains Si. Further, the buffer layer and
the electrode provided on the vibration plate can be config-
ured as a part of the vibration plate. The thickness of the buffer
layer 108 is not less than 5 nm and is not greater than 300 nm.
It is desired to set the thickness of the buffer layer 108 to be
not less than 10 nm and is not greater than 200 nm. The size
of the discharge port 105 is not less than 5 pm and is not
greater than 40 um, when measured as an equivalent circle
diameter. The discharge port 105 can be configured to have a
circular shape, a star shape, a rectangular shape, or a triangu-
lar shape.

<Liquid Discharge Apparatus>

Next, a liquid discharge apparatus according to the present
invention is described in detail below. The liquid discharge
apparatus according to the present invention includes a por-
tion on which an image transferred medium is placed and the
above-mentioned liquid discharge head.

FIGS. 4 and 5 illustrate an inkjet recording apparatus as an
example of the liquid discharge apparatus according to the
present invention. FIG. 5 illustrates a state where exterior
parts 882 to 885 and 887 are removed from a liquid discharge
apparatus (i.e., an inkjet recording apparatus) 881 illustrated
in FIG. 4. The inkjet recording apparatus 881 includes an
automatic feeding unit 897 that can automatically feed a
recording paper (i.e., the image transferred medium) into an
apparatus main body 896. Further, the inkjet recording appa-
ratus 881 includes a conveyance unit 899 that can guide a
recording paper fed from the automatic feeding unit 897 to a
predetermined recording position and further guide the
recording paper from the recording position to an outlet port
898. The inkjet recording apparatus 881 further includes a
recording unit 891 that can perform recording on the record-
ing paper conveyed to the recording position and a recovery
unit 890 that can perform recovery processing for the record-
ing unit 891. The recording unit 891 includes a carriage 892
in which the liquid discharge head according to the present
invention is placed in such a way as to move along a rail.

In the above-mentioned inkjet recording apparatus, the
carriage 892 moves along the rail in response to an electric
signal supplied from a computer and the piezoelectric mate-
rial causes a displacement when a driving voltage is applied to
electrodes that sandwich the piezoelectric material. The dis-
placement of the piezoelectric material presses the individual
liquid chamber 102 via the vibration plate 103 illustrated in
FIG. 3B to discharge an ink from the discharge port 105 to
perform printing. The liquid discharge apparatus according to
the present invention can uniformly discharge liquid at a
higher speed and can downsize the apparatus body.

The liquid discharge apparatus according to the present
invention is not limited to the above-mentioned printer and
can be configured as a facsimile machine, a multifunction
peripheral, a copy machine, or any other printing apparatus.
Further, the liquid discharge apparatus according to the
present invention can be configured as an industrial liquid
discharge apparatus or a target drawing apparatus.

In addition, a user can select a desired image transferred
medium according to an intended purpose. The liquid dis-
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charge head can move relative to an image transferred
medium placed on a stage that serves as the image transferred
medium placement portion.
<Ultrasonic Motor>

An ultrasonic motor according to the present invention is
characterized by a vibrating body in which the above-men-
tioned piezoelectric element or the above-mentioned multi-
layered piezoelectric element is disposed and a moving body
that contacts the vibrating body. FIGS. 6A and 6B schemati-
cally illustrate configuration examples of the ultrasonic motor
according to an example of the present invention. FIG. 6A
illustrates an example of the ultrasonic motor that includes a
single-plate type piezoelectric element according to the
present invention. The ultrasonic motor illustrated in FIG. 6A
includes an oscillator 201, a rotor 202 contacting a sliding
surface of the oscillator 201 under a pressing force applied by
a compression spring (not illustrated), and an output shaft 203
integrally formed with the rotor 202. The oscillator 201
includes an elastic metal ring 2011, a piezoelectric element
2012 (i.e., a piezoelectric element according to the present
invention), and an organic adhesive 2013 (e.g., an epoxy type
or a cyanoacrylate type) that connects the piezoelectric ele-
ment 2012 to the elastic ring 2011. The piezoelectric element
2012 according to the present invention is constituted by a
piezoelectric material sandwiched by a first electrode (not
illustrated) and a second electrode (not illustrated). When
two-phase alternating voltages having a phase difference
comparable to odd times of n/2 is applied to the piezoelectric
element according to the present invention, a curved traveling
wave appears on the oscillator 201 and each point on the
sliding surface of the oscillator 201 causes an elliptic motion.
If the rotor 202 is pressed against the sliding surface of the
oscillator 201, the rotor 202 receives a frictional force from
the oscillator 201 and rotates in a direction opposed to the
curved traveling wave. A driven member (not illustrated) is
connected to the output shaft 203 and is driven by a rotational
force of the rotor 202. A piezoelectric transversal effect
obtainable when a voltage is applied to a piezoelectric mate-
rial causes the piezoelectric material to stretch. In a case
where an elastic body (e.g., a metallic member) is connected
to a piezoelectric element, the elastic body is bent in accor-
dance with an expansion and contraction motion of the piezo-
electric material. The ultrasonic motor illustrated in FIG. 6A
is operable based on the above-mentioned principle. FIG. 6B
illustrates another example of the ultrasonic motor that
includes a piezoelectric element having a multilayered struc-
ture. An oscillator 204 includes a multilayered piezoelectric
element 2042 sandwiched between cylindrical elastic metal
bodies 2041. The multilayered piezoelectric element 2042 is
constituted by a plurality of multilayered piezoelectric mate-
rials (not illustrated). The multilayered piezoelectric element
2042 includes a first electrode and a second electrode formed
on outer surfaces of the multilayered body and an internal
electrode provided in the multilayered body. The elastic metal
bodies 2041 are tightened by means of bolts to firmly hold the
piezoelectric element 2042 between them in such a way as to
constitute the oscillator 204. If alternating voltages having a
phase difference therebetween are applied to the piezoelectric
element 2042, the oscillator 204 generates two types of vibra-
tions that are mutually perpendicular. The above-mentioned
vibrations, when combined together, can drive a front end
portion of the oscillator 204 and therefore can form a circular
vibration. A circular groove is formed at an upper part of the
oscillator 204 so that the vibratory displacement can be
increased. A pressing spring 206 presses the rotor 205 against
the oscillator 204 to obtain a driving frictional force. The rotor
205 is rotatable and supported by a bearing.
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<Optical Device>

Next, an optical device according to the present invention is
described in detail below. The optical device according to the
present invention is characterized by a driving unit that
includes the ultrasonic motor.

FIG. 7 is an essential cross-sectional view illustrating an
interchangeable lens barrel of a single lens reflex camera, as
an example of the optical device according to an example of
the present invention. FIG. 8 is an exploded perspective view
illustrating the interchangeable lens barrel of the single lens
reflex camera, as an example of the optical device according
to a preferred example of the present invention. A fixed barrel
712, a rectilinear guide barrel 713, and a front group lens
barrel 714 (i.e., fixing members of the interchangeable lens
barrel) are fixed to a camera detachment mount 711.

A rectilinear guide groove 713a extending in the optical
axis direction of a focus lens 702 is formed on the rectilinear
guide barrel 713. An axial screw 718 fixes cam rollers 717a
and 7175 to a rear group lens barrel 716 that holds the focus
lens 702. Each of the cam rollers 717a and 7175 protrudes
outwardly in the radial direction. The cam roller 717a is
coupled with the rectilinear guide groove 713a.

A cam ring 715 is rotatable and coupled with an inner
surface of the rectilinear guide barrel 713. A relative move-
ment between the rectilinear guide barrel 713 and the cam
ring 715 in the optical axis direction is regulated when a roller
719 fixed to the cam ring 715 is coupled with a circular groove
7135 of the rectilinear guide barrel 713. A cam groove 7154
dedicated to the focus lens 702 is formed on the cam ring 715.
The above-mentioned cam roller 7176 is simultaneously
coupled with the cam groove 715a.

A rotation transmission ring 720 is disposed on an outer
surface of the fixed barrel 712. A ball race 727 holds the
rotation transmission ring 720 in such a way as to be rotatable
relative to the fixed barrel 712 at a predetermined position. A
roller 722, which is freely rotatable, is held by a shaft 720fthat
radially extends from the rotation transmission ring 720. A
large-diameter portion 7224 of the roller 722 is brought into
contact with a mount side surface 7245 of a manual focus ring
724. Further, a small-diameter portion 7225 of the roller 722
is brought into contact with a joint member 729. Six rollers
722, each having the above-mentioned configuration, are dis-
posed atequal intervals around an outer surface of the rotation
transmission ring 720.

A low-friction sheet (e.g., a washer member) 733 is dis-
posed at an inner cylindrical portion of the manual focus ring
724. The low-friction sheet is sandwiched between a mount
end surface 712a of the fixed barrel 712 and a front end
surface 724a of the manual focus ring 724. Further, an outer
cylindrical surface of the low-friction sheet 733 has a ring
shape and is radially coupled with an inner diameter portion
724c¢ of the manual focus ring 724. Further, the inner diameter
portion 724¢ of the manual focus ring 724 is radially coupled
with an outer-diameter portion 7124 of the fixed barrel 712.
The low-friction sheet 733 has a role of reducing the friction
in a rotary ring mechanism in which the manual focus ring
724 is configured to rotate around the optical axis relative to
the fixed barrel 712.

A wave washer 726 presses an ultrasonic motor 725 toward
the front side of the lens. The pressing force of the wave
washer 726 can hold the large-diameter portion 722a of the
roller 722 and the mount side surface 7245 of the manual
focus ring 724 in the contact state. Similarly, the force of the
wave washer 726 pressing the ultrasonic motor 725 toward
the front side of the lens can appropriately press the small-
diameter portion 7226 of the roller 722 against the joint
member 729 so as to maintain the contact state. A washer 732,
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which is connected to the fixed barrel 712 by bayonet cou-
pling, regulates the wave washer 726 when it moves in the
mount direction. A spring force (i.e., a biasing force) gener-
ated by the wave washer 726 can be transmitted to the ultra-
sonic motor 725 and further to the roller 722. The transmitted
force causes the manual focus ring 724 to press the mount end
surface 712a of the fixed barrel 712. More specifically, in the
incorporated state, the manual focus ring 724 is pressed
against the mount end surface 712a of the fixed barrel 712 via
the low-friction sheet 733.

Accordingly, when a control unit (not illustrated) drives the
ultrasonic motor 725 to cause a rotation relative to the fixed
barrel 712, the roller 722 rotates around the central axis of the
shaft 720/ because the joint member 729 frictionally contacts
the small-diameter portion 7225 of the roller 722. When the
roller 722 rotates around the shaft 720f; the rotation transmis-
sion ring 720 rotates around the optical axis (which is referred
to as an auto-focusing operation).

Further, if a rotational force around the optical axis is given
to the manual focus ring 724 from a manual operation input
unit (not illustrated), the roller 722 rotates around the shaft
720f due to a frictional force because the mount side surface
724b of the manual focus ring 724 is pressed against the
large-diameter portion 722a of the roller 722. When the large-
diameter portion 722a of the roller 722 rotates around the
shaft 7207, the rotation transmission ring 720 rotates around
the optical axis. In this case, a friction holding force acting
between a rotor 725¢ and a stator 72556 prevents the ultrasonic
motor 725 from rotating (which is referred to as a manual
focusing operation).

Two focus keys 728, being positioned in an opposed rela-
tionship, are attached to the rotation transmission ring 720.
The focus key 728 is coupled with a cutout portion 7155
provided at a front end of the cam ring 715. Accordingly, if the
rotation transmission ring 720 rotates around the optical axis
when an auto-focusing operation or a manual focusing opera-
tionis performed, the rotational force thereof is transmitted to
the cam ring 715 via the focus key 728. When the cam ring
715 rotates around the optical axis, the cam roller 7175 moves
the rear group lens barrel 716 forward and rearward along the
cam groove 715a of the cam ring 715 in a state where the
rotation of the rear group lens barrel 716 is regulated by the
cam roller 717a and the rectilinear guide groove 713a. Thus,
the focus lens 702 is driven and a focusing operation is per-
formed.

The optical device according to the present invention is not
limited to the above-mentioned interchangeable lens barrel
applicable to a single lens reflex camera, and can be config-
ured as a compact camera, an electronic still camera, a cam-
era-equipped portable information terminal, or any other type
of optical device that includes an ultrasonic motor serving as
the above-mentioned driving unit.
<Vibrating Apparatus and Dust Removing Apparatus>

A vibrating apparatus that is configured to convey and
remove particles, powder, and droplet can be widely used in
electronic devices.

Hereinafter, a dust removing apparatus using the piezo-
electric element according to the present invention, which is
an example of the vibrating apparatus according to the present
invention, is described in detail below.

The dust removing apparatus according to the present
invention is characterized by a vibrating body that includes
the piezoelectric element or the multilayered piezoelectric
element disposed on a vibration plate.

FIGS. 9A and 9B schematically illustrate a dust removing
apparatus 310 according to an example of the present inven-
tion. The dust removing apparatus 310 includes a pair of
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planar piezoelectric elements 330 and a vibration plate 320.
Each piezoelectric element 330 can be configured as the
multilayered piezoelectric element according to the present
invention. The material of the vibration plate 320 is not
required to have a specific quality. However, a light transmis-
sive material or a light reflective material is usable for the
vibration plate 320 when the dust removing apparatus 310 is
used in an optical device.

FIGS. 10A, 10B, and 10C schematically illustrate a con-
figuration of the piezoelectric element 330 illustrated in
FIGS. 9A and 9B. FIGS. 10A and 10C illustrate front and
back surfaces of the piezoelectric element 330. FIG. 10B
illustrates a side surface of the piezoelectric element 330.
Each piezoelectric element 330 includes a piezoelectric
member 331, a first electrode 332, and a second electrode
333, as illustrated in FIG. 9A. The first electrode 332 and the
second electrode 333, being in an opposed relationship, are
disposed on a plate surface of the piezoelectric member 331.
As described with reference to FIGS. 9A and 9B, each piezo-
electric element 330 can be configured as the multilayered
piezoelectric element according to the present invention. In
this case, it is feasible to give a driving waveform different in
phase for each piezoelectric material layer when the piezo-
electric member 331 is configured to have a structure includ-
ing piezoelectric material layers and internal electrodes that
are alternately disposed and when the internal electrodes are
alternately connected to the first electrode 332 or the second
electrode 333. In FIG. 10C, the surface on which the first
electrode 332 is provided and is positioned on the front side of
the piezoelectric element 330 is referred to as a first electrode
surface 336. In FIG. 10A, the surface on which the second
electrode 333 is provided and is positioned on the front side of
the piezoelectric element 330 is referred to as a second elec-
trode surface 337.

The electrode surface according to the present invention is
a surface of the piezoelectric element on which the electrode
is provided. For example, the first electrode 332 can be con-
figured to have a wraparound shape so that a part of the first
electrode 332 is provided on the second electrode surface
337, as illustrated in FIG. 10B.

A plate surface of the vibration plate 320 is fixed to the first
electrode surface 336 of the piezoelectric element 330, as
illustrated in FIGS. 9A and 9B. When the piezoelectric ele-
ment 330 is driven, a stress generating between the piezoelec-
tric element 330 and the vibration plate 320 induces an out-
of-plane vibration of the vibration plate 320. The dust
removing apparatus 310 according to the present invention is
an apparatus that can remove foreign substances, such as dust
particles adhering to the surface of the vibration plate 320, by
using the out-of-plane vibration of the vibration plate 320.
The out-of-plane vibration is an elastic vibration that causes a
displacement of the vibration plate in the optical axis direc-
tion (i.e., the thickness direction of the vibration plate).

FIGS. 11A and 11B are schematic diagrams illustrating a
principle of vibrations occurring in the dust removing appa-
ratus 310 according to the present invention. FIG. 11A illus-
trates an out-of-plane vibration of the vibration plate 320
generated when alternating voltages having the same phase
are applied to the pair of right and left piezoelectric elements
330. The polarization direction of a piezoelectric material that
constitutes each of the right and left piezoelectric elements
330 is identical to the thickness direction of the piezoelectric
element 330. The dust removing apparatus 310 is driving in a
seventh vibration mode. FIG. 11B illustrates an out-of-plane
vibration of the vibration plate 320 generated when alternat-
ing voltages having mutually opposite phases (180° different)
are applied to the pair of right and left piezoelectric elements
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330. In this case, the dust removing apparatus 310 is driving
in a sixth vibration mode. The dust removing apparatus 310
according to the present invention can effectively remove dust
particles adhering to the surface of the vibration plate by
selectively operating in at least two vibration modes.
<Imaging Apparatus>

Next, an imaging apparatus according to the present inven-
tion is described in detail below. The imaging apparatus
according to the present invention includes the above-men-
tioned dust removing apparatus and an image sensor unit, and
is characterized in that the vibration plate of the dust remov-
ing apparatus is provided on a light-receiving surface of the
image sensor unit. FIGS. 12 and 13 illustrate a digital single
lens reflex camera, which is an example of the imaging appa-
ratus according to an example of the present invention.

FIG. 12 is a perspective view illustrating the front side of'a
camera body 601, which can be seen from the imaging target
side in a state where an imaging lens unit is removed. FIG. 13
is an exploded perspective view illustrating a schematic con-
figuration of the camera interior, in which the dust removing
apparatus according to the present invention and a peripheral
structure of the imaging unit 400 are described in detail.

After having passed through the imaging lens unit, an
imaging luminous flux can be guided into a mirror box 605
provided in the camera body 601. A main mirror (e.g., a quick
return mirror) 606 is disposed in the mirror box 605. The main
mirror 606 can be held at an inclined angle (e.g., 45°) relative
to an imaging optical axis to guide the imaging luminous flux
toward a penta-Dach mirror (not illustrated) or can be held at
a retreat position to guide the imaging luminous flux toward
an image sensor (not illustrated).

The mirror box 605 and a shutter unit 200 are sequentially
disposed on an imaging target side of a main body chassis 300
(i.e., a framework of the camera body). Further, the imaging
unit 400 is disposed on a photographer side of the main body
chassis 300. The imaging unit 400 is adjusted and placed in
such a way that an imaging surface of the image sensor is
spaced a predetermined distance from and positioned in par-
allel with a locating plane of a mount 602 to which the
imaging lens unit is attached.

The imaging apparatus according to the present invention
is not limited to the above-mentioned digital single lens reflex
camera and can be configured as a mirrorless digital single-
lens reflex camera that does not include the mirror box 605 or
any other imaging lens unit interchangeable camera. Further,
the imaging apparatus according to the present invention can
be configured as an imaging lens unit interchangeable video
camera or another imaging apparatus, such as a copy
machine, a facsimile machine, or a scanner. The imaging
apparatus according to the present invention can be applied to
any other electrical and electronic device that requires
removal of dust particles adhering to a surface of an optical
component.
<FElectronic Device>

Next, an electronic device according to the present inven-
tion is described in detail below. The electronic device
according to the present invention is characterized by a piezo-
electric acoustic device that includes the piezoelectric ele-
ment or the multilayered piezoelectric element. The piezo-
electric acoustic device is, for example, a speaker, a buzzer, a
microphone, a surface acoustic wave (SAW) element.

FIG. 14 is an overall perspective view illustrating a main
body 931 of a digital camera, which is seen from the front side
thereof, as an example of the electronic device according to an
example of the present invention. An optical apparatus 901, a
microphone 914, a flash lighting unit 909, and an auxiliary
light unit 916 are disposed on a front surface of the main body
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931. The microphone 914 is mostly incorporated in the main
body 931. Therefore, the microphone 914 is indicated by a
dotted line. To pick up ambient sounds, the front part of the
microphone 914 is configured to have a through-hole shape.

A power button 933, a speaker 912, a zoom lever 932, and
release button 908 operable to perform an in-focus operation
are disposed on an upper surface of the main body 931. The
speaker 912 is incorporated in the main body 931 and there-
fore indicated by a dotted line. An aperture is provided on the
front side of the speaker 912 to output sounds.

The piezoelectric acoustic device according to the present
invention can be provided in at least one of the microphone
914, the speaker 912, and a surface acoustic wave element.

The electronic device according to the present invention is
not limited to the above-mentioned digital camera. For
example, the electronic device according to the present inven-
tion can be configured as a sound reproduction device, a voice
recording device, a mobile phone, an information terminal, or
any other electronic device that incorporates a piezoelectric
acoustic device.

As mentioned above, the piezoelectric element and the
multilayered piezoelectric element according to the present
invention can be preferably incorporated in a liquid discharge
head, a liquid discharge apparatus, an ultrasonic motor, an
optical device, a vibrating apparatus, a dust removing appa-
ratus, an imaging apparatus, and an electronic device. Using
the piezoelectric element and the multilayered piezoelectric
element according to the present invention enables the pro-
vision of a liquid discharge head that is comparable to or
superior to a referential liquid discharge head using a lead-
containing piezoelectric element in nozzle density and dis-
charge speed.

Using the liquid discharge head according to the present
invention enables the provision of a liquid discharge appara-
tus that is comparable to or superior to a referential liquid
discharge apparatus using a lead-containing piezoelectric ele-
ment in discharge speed and discharge accuracy.

Using the piezoelectric element and the multilayered
piezoelectric element according to the present invention
enables the provision of an ultrasonic motor that is compa-
rable to or superior to a referential ultrasonic motor using a
lead-containing piezoelectric element in driving force and
durability.

Using the ultrasonic motor according to the present inven-
tion enables the provision of an optical device that is compa-
rable to or superior to a referential optical device using a
lead-containing piezoelectric element in durability and
operation accuracy.

Using the piezoelectric element and the multilayered
piezoelectric element according to the present invention
enables the provision of a vibrating apparatus that is compa-
rable to or superior to a referential vibrating apparatus using
a lead-containing piezoelectric element in vibration ability
and durability.

Using the vibrating apparatus according to the present
invention enables the provision of a dust removing apparatus
that is comparable to or superior to a referential dust remov-
ing apparatus that uses a lead-containing piezoelectric ele-
ment in dust removing efficiency and durability.

Using the dust removing apparatus according to the present
invention enables the provision of an imaging apparatus that
is comparable to or superior to a referential imaging appara-
tus using a lead-containing piezoelectric element in dust
removing function.

Using the piezoelectric acoustic device including the
piezoelectric element or the multilayered piezoelectric ele-
ment according to the present invention enables the provision
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of an electronic device that is comparable to or superior to a
referential electronic device using a lead-containing piezo-
electric element in sound generation.

The piezoelectric material according to the present inven-
tion can be incorporated in an ultrasonic oscillator, a piezo-
electric actuator, a piezoelectric sensor, and a ferroelectric
memory in addition to the above-mentioned devices (e.g., the
liquid discharge head and the motor).

Hereinafter, the present invention is described with refer-
ence to various examples. However, the present invention is
not limited to the following description of the examples.

The following is a description of actually fabricated
examples of the piezoelectric ceramics according to the
present invention.

Examples 1 to 52, 76 to 80 and Comparative
Examples 1 to 19

The raw material powder used to fabricate the piezoelectric
ceramics has an average grain diameter of 100 nm and
includes, as main components, barium titanate (BaTiOj,
Ba/Ti=0.9985), calcium titanate (CaTiO;, Ca/Ti=0.9978),
calcium zirconate (CaZrO;, Ca/Zr=0.999), and calcium stan-
nate (CaSnO;, Ca/Sn=1.0137). Further, the raw material
powder includes barium oxalate to adjust the value “a” indi-
cating the ratio of the total mole number of Ba and Ca to the
total mole number of Ti, Zr, and Sn. The weighing of the raw
material powders of the above-mentioned main components
has been performed for each test piece in such a way as to
attain the ratio illustrated in a table 1 when on a metal basis.
The weighing of tetramanganese trioxide, lithium carbonate,
and bismuth oxide has been performed for each test piece in
such a manner that the contents of Mn (i.e., the first subcom-
ponent), Li (i.e., the second subcomponent), and Bi (the third
subcomponent), on a metal basis, attain the ratio illustrated in
the table when the main component metal oxide is 100 parts
by weight. The above-mentioned weighed powder has been
mixed in a ball mill, by dry mixing, for 24 hours. To granulate
the obtained mixed powder, a spray-dryer has been used to
cause a PVA binder, which is 3 parts by weight of the mixed
powder, to adhere to a surface of the mixed powder. The test
pieces of the examples 37 to 40 and the example 76 have been
mixed with magnesium oxide so that the Mg weight on a
metal basis becomes 0.0049, 0.0099, 0.0499, 0.0999 and
0.4999 parts by weight, respectively.

Next, a disk-shaped compact has been fabricated by using
a press forming machine that applies a compacting pressure
01200 MPa to a mold filled with the above-mentioned granu-
lated powder. It is useful to further press the fabricated com-
pact, for example, by using a cold isostatic pressing machine.

Then, the above-mentioned compact has been placed in the
electric furnace and held at the maximum temperature in a
range of 1300 to 1380° C. for five hours. The compact has
been sintered in the atmosphere for 24 hours. Through the
above-mentioned processes, a ceramics made of the piezo-
electric material according to the present invention has been
obtained.

Then, crystal grains that constitute the obtained ceramics
have been evaluated with respect to an average equivalent
circle diameter and relative density. As a result of the evalu-
ation, it has been confirmed that the average equivalent circle
diameter is in a range from 10 to 50 um and the relative
density of each test piece (except for the comparative example
7) is equal to or greater than 95%. The polarizing microscope
has been mainly used to observe the crystal grains. Further,
the scanning electron microscope (SEM) has been used to
specify the grain diameter when the crystal grain is small. An

10

15

20

25

30

35

40

45

50

55

60

65

26

observation result has been used to calculate the average
equivalent circle diameter. Further, the relative density has
been evaluated by using a lattice constant obtained by the
X-ray diffraction, a theoretical density calculated based on
the weighed composition, and an actual density measured
according to the Archimedes method.

The test pieces of the examples 15 and 17 have been evalu-
ated with respect to valence of Mn. The temperature depen-
dency inthe magnetic susceptibility has been measured by the
SQUID in a range from 2 to 60K. It has been confirmed that
the average valence of Mn obtained based on the temperature
dependency in the magnetic susceptibility is +3.8 and 3.9 in
the examples 15 and 17, respectively. The tendency that the
valence of Mn decreases with increasing molar ratio of Bi to
Mn has been confirmed. Further, it has been confirmed in the
comparative example 19 (i.e., the test piece not containing Bi)
that the magnetic susceptibility of Mn is +4.0, when evaluated
according to the similar method. More specifically, because
the piezoelectric material according to the present invention
includes Bi (i.e., the third subcomponent) in such a way as to
reduce the valence of Mn (i.e., the first subcomponent), the
ability of the piezoelectric material serving as the acceptor of
Mn can be promoted. As a result, the mechanical quality
factor of the piezoelectric material according to the present
invention becomes higher.

Next, the composition of the obtained ceramics has been
evaluated based on ICP emission spectrophotometric analy-
sis. Ithas been confirmed in all piezoelectric materials that the
composition after sintering coincides with the composition
after weighing with respect to Ba, Ca, Ti, Zr, Sn, Mn, Li and
Bi. Further, in the examples 1 to 36 and 41 to 52 and the
comparative examples 1 to 14 and 16 to 19, it has been
confirmed that the content of Mg is 0.0001 parts by weight
when the metal oxide expressed using the chemical formula
(Ba, Ca,),(Ti,_, Zr,Sn )0, is 100 parts by weight. On the
other hand, in the examples 37 to 40, it has been confirmed
that the content of Mg is 0.0050, 0.0100, 0.0500, and 0.1000
parts by weight, respectively. In the example 76, it has been
confirmed that the content of Mg is 0.5000 parts by weight.

Next, the obtained ceramics has been polished to have a
thickness of 0.5 mm and the crystal structure has been ana-
lyzed based on X-ray diffraction. As a result, only the peak
corresponding to the perovskite structure has been observed
in all test pieces except for the comparative example 1.

Then, gold electrodes each having a thickness of 400 nm
have been formed on the front and back surfaces of the disk-
shaped ceramics according to a DC sputtering method. In
addition, a titanium film having a thickness of 30 nm has been
formed to provide an adhesion layer between each electrode
and the ceramics. Then, the electrode equipped ceramics has
been cut into a strip-form piezoelectric element having a size
of 10 mmx2.5 mmx0.5 mm. The fabricated piezoelectric
element has been placed on a hot plate whose surface tem-
perature increases from 60° C. to 100° C. The piezoelectric
element placed on the hot plate has been subjected to polar-
ization processing under an application of an electric field of
1 kV/mm for 30 minutes.

As static characteristics of a piezoelectric element that
includes a piezoelectric material according to the present
invention or a piezoelectric material according to a compara-
tive example, the piezoelectric constant d,; and the mechani-
cal quality factor Qm of the piezoelectric element subjected to
the polarization processing have been evaluated according to
the resonant-antiresonant method. In calculating T, , T,,, and
T, an impedance analyzer (e.g., 4194A manufactured by
Agilent Techonologies Inc.) has been used to measure the
electric capacity while changing the temperature of respec-
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tive test pieces. Simultaneously, the impedance analyzer has
been used to measure the temperature dependency in the
dielectric tangent. The test piece has been cooled until the
temperature decreases to —100° C. from the room temperature
and then heated until the temperature reaches 150° C. The
phase transition temperature T,, represents the temperature at
which the crystal system changes from tetragonal to orthor-
hombic. The phase transition temperature T,, has been
defined as the temperature at which a derivative, which is
obtainable by differentiating a dielectric constant measured
in the cooling process of the test piece by the test piece
temperature, can be maximized. T, represents the tempera-
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ture at which the crystal system changes from orthorhombic
to tetragonal and has been defined as the temperature at which
a derivative, which is obtainable by differentiating the dielec-
tric constant measured in the heating process of the test piece
by the test piece temperature, can be maximized. The Curie
temperature T, represents the temperature at which the
dielectric constant can be maximized around the phase tran-
sition temperature of the ferroelectric phase (tetragonal
phase) and the paraelectric phase (cubic phase). The Curie
temperature T~ has been defined as the temperature at which
the dielectric constant value measured in the heating process
of the test piece becomes a maximal value.

TABLE 1
First Second Third
Subcomponent Subcomponent Subcomponent
Main Component Mn Li Bi Sintering
Ba Ca Ti Zr Sn Parts By Parts By Parts By Temperature

1-x X l-y-z y z a Weight Weight Weight (°C)
Comparative Example 1 0.680 0.320 0.950 0.050  0.000  0.9990 0.240 0.0006 0.170 1360
Example 1 0.700  0.300 0.915 0.085 0.000  0.9994 0.120 0.0006 0.170 1360
Example 2 0.700  0.300 0.931 0.069 0.000  0.9994 0.240 0.0006 0.170 1360
Example 3 0.700  0.300 0.950 0.050  0.000  0.9994 0.240 0.0006 0.170 1360
Example 4 0.700  0.300 0.959 0.041 0.000  0.9994 0.240 0.0006 0.170 1360
Example 5 0.720  0.280 0.925 0.075 0.000  0.9994 0.240 0.0006 0.170 1360
Example 6 0.740  0.260 0.955 0.045 0.000  0.9994 0.240 0.0006 0.170 1360
Example 7 0.740  0.260 0.938 0.062 0.000  0.9994 0.240 0.0006 0.170 1360
Example 8 0.740  0.260 0.955 0.045 0.000  0.9994 0.240 0.0006 0.170 1360
Example 9 0.780  0.220 0.935 0.065 0.000  0.9994 0.240 0.0006 0.170 1360
Example 10 0.800  0.200 0.945 0.055 0.000  0.9994 0.240 0.0006 0.170 1360
Example 11 0.813 0.187 0.940 0.060 0.000  0.9994 0.240 0.0006 0.170 1360
Example 12 0.813 0.187 0.940 0.040  0.020  0.9994 0.240 0.0006 0.170 1360
Comparative Example 2 0.830  0.170 0.935 0.065 0.000  1.0031 0.180 0.0008 0.025 1340
Example 13 0.830  0.170 0.935 0.055 0.010  0.9971 0.180 0.0006 0.170 1340
Example 14 0.830  0.170 0.935 0.045 0.020  0.9971 0.180 0.0006 0.170 1340
Example 15 0.830  0.170 0.935 0.065 0.000  0.9971 0.180 0.0006 0.170 1340
Comparative Example 3 0.830  0.170 0.935 0.065 0.000  1.0031 0.360 0.0008 0.025 1340
Example 16 0.830  0.170 0.935 0.055 0.010  1.0042 0.360 0.0006 0.170 1340
Example 17 0.830  0.170 0.935 0.065 0.000  1.0042 0.360 0.0006 0.170 1340
Comparative Example 4 0.840  0.160 0.950 0.050  0.000  1.0031 0.180 0.0008 0.025 1340
Example 18 0.840  0.160 0.950 0.040  0.010  0.9971 0.180 0.0006 0.170 1340
Example 19 0.840  0.160 0.950 0.050  0.000  0.9971 0.180 0.0006 0.170 1340
Comparative Example 5 0.840  0.160 0.950 0.050  0.000  1.0100 0.360 0.0008 0.025 1340
Example 20 0.840  0.160 0.950 0.040  0.010  1.0042 0.360 0.0006 0.170 1340
Example 21 0.840  0.160 0.950 0.050  0.000  1.0042 0.360 0.0006 0.170 1340
Example 22 0.845 0.155 0.931 0.069 0.000  0.9994 0.240 0.0006 0.170 1340
Example 23 0.860 0.140 0.930 0.070  0.000  0.9955 0.160 0.0000 0.181 1320
Comparative Example 6 0.870  0.130 0.941 0.059  0.000  1.0055 0.240 0.0008 0.025 1320
Comparative Example 7 0.870  0.130 0.941 0.059 0.000  1.0210 0.240 0.0006 0.170 1320
Comparative Example 8 0.870  0.130 0.941 0.059  0.000  0.9850 0.240 0.0006 0.170 1320
Example 24 0.870  0.130 0.941 0.059  0.000  0.9994 0.240 0.0006 0.170 1320
Example 25 0.870  0.130 0.941 0.059  0.000  0.9994 0.240 0.0005 0.170 1320
Example 26 0.870  0.130 0.941 0.059  0.000  0.9994 0.240 0.0003 0.170 1320
Example 79 0.870  0.130 0.941 0.059  0.000  0.9994 0.240 0.0002 0.170 1320
Example 80 0.870  0.130 0.941 0.059  0.000  0.9994 0.240 0.0012 0.170 1320
Example 27 0.870  0.130 0.941 0.059  0.000  0.9994 0.240 0.0012 0.340 1320
Example 28 0.870  0.130 0.941 0.059  0.000  0.9994 0.240 0.0006 0.170 1350
Comparative Example 11 0.880 0.120 0.941 0.059  0.000  1.0055 0.240 0.0009 0.025 1320
Example 29 0.880 0.120 0.941 0.059  0.000  0.9994 0.240 0.0006 0.170 1320
Example 30 0.880 0.120 0.941 0.059  0.000  0.9994 0.240 0.0012 0.340 1320
Example 31 0.880 0.120 0.941 0.059  0.000  0.9994 0.240 0.0006 0.170 1350
Comparative Example 12 0.890 0.110 0.941 0.059  0.000  1.0055 0.240 0.0009 0.025 1320
Example 32 0.890 0.110 0.941 0.059  0.000  0.9994 0.240 0.0006 0.170 1350
Example 33 0.890 0.110 0.941 0.059  0.000  0.9994 0.240 0.0006 0.170 1320
Example 34 0.890 0.110 0.941 0.059  0.000  0.9994 0.240 0.0012 0.340 1320
Example 35 0.890 0.110 0.941 0.059  0.000  0.9969 0.240 0.0012 0.510 1320
Comparative Example 13 0.890 0.110 0.980 0.020  0.000  0.9997 0.240 0.0006 0.170 1320
Comparative Example 14 0.915 0.085 0.955 0.045 0.000  0.9998 0.240 0.0006 0.170 1320
Example 36 0.890 0.110 0.941 0.059  0.000  0.9994 0.040 0.0006 0.850 1320
Example 37 0.860 0.140 0.940 0.060  0.000  1.0004 0.160 0.0000 0.094 1340
Example 38 0.860 0.140 0.940 0.060  0.000  1.0004 0.160 0.0000 0.094 1340
Example 39 0.860 0.140 0.940 0.060  0.000  1.0004 0.160 0.0000 0.094 1340
Example 40 0.860 0.140 0.940 0.060  0.000  1.0004 0.160 0.0000 0.094 1340
Example 76 0.860 0.140 0.940 0.060  0.000  1.0004 0.160 0.0000 0.094 1340
Example 41 0.860 0.140 0.940 0.060  0.000  1.0004 0.160 0.0000 0.094 1340
Example 42 0.860 0.140 0.940 0.060  0.000  1.0004 0.160 0.0000 0.189 1340
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TABLE 1-continued
First Second Third
Subcomponent Subcomponent Subcomponent
Main Component Mn Li Bi Sintering
Ba Ca Ti Zr Sn Parts By Parts By Parts By Temperature
1-x X l-y-z y z a Weight Weight Weight °C)

Example 43 0.860 0.140 0.940 0.060 0.000  1.0004 0.160 0.0000 0.239 1340
Example 44 0.860 0.140 0.930 0.070  0.000  1.0004 0.160 0.0000 0.189 1320
Example 45 0.860 0.140 0.930 0.070  0.000  1.0004 0.160 0.0000 0.189 1340
Example 46 0.860 0.140 0.930 0.070  0.000  1.0004 0.160 0.0000 0.189 1380
Example 47 0.860 0.140 0.915 0.085 0.000  1.0004 0.160 0.0000 0.539 1380
Example 48 0.860 0.140 0.950 0.050 0.000  1.0004 0.140 0.0000 0.189 1340
Example 49 0.860 0.140 0.920 0.080 0.000  1.0004 0.140 0.0000 0.289 1340
Example 50 0.860 0.140 0.920 0.080 0.000  1.0004 0.140 0.0000 0.339 1340
Example 51 0.830 0.170 0.925 0.075 0.000  0.9998 0.140 0.0000 0.189 1380
Example 52 0.830 0.170 0.915 0.085 0.000 1.0010 0.120 0.0012 0.189 1300
Example 77 0.890 0.110 0.970 0.025 0.000 1.0019 0.300 0.0008 0.250 1340
Example 78 0.910 0.090 0.960 0.040 0.000  1.0019 0.300 0.0008 0.250 1340
Comparative Example 16 0.830 0.170 0.905 0.095 0.000 1.0010 0.120 0.0010 0.189 1300
Comparative Example 17 0.830 0.170 0.920 0.050 0.030  1.0010 0.120 0.0012 0.189 1300
Comparative Example 18 1.000  0.000 1.000 0.000  0.000  1.0000 0.023 0.0120 0.188 1320
Comparative Example 19 1.000  0.000 1.000 0.000  0.000  1.0000 0.023 0.0000 0.000 1320

Table 2 summarizes properties of the test pieces according
to the examples and the comparative examples in the table 1 5
with respect to piezoelectric constant d;,, mechanical quality
factor, dielectric tangent, T, T, , and T, at the room tempera-
ture.

TABLE 2
Piezoelectric Mechanical Dielectric
Constant Quality Tangent
d31(pmvV) (—) (—) Te(°C) Tto(°C.) Tot(°C.)

Comparative Example 1 52 1190 0.004 116 -79 -71
Example 1 121 810 0.001 102 -45 -38
Example 2 81 1120 0.003 108 =52 -46
Example 3 72 1190 0.004 116 =75 -68
Example 4 65 1230 0.002 120 -86 -78
Example 5 87 1090 0.005 106 =37 -29
Example 6 57 1210 0.002 118 =73 -66
Example 7 74 1150 0.002 111 -53 -47
Example 8 57 1220 0.002 118 =73 -66
Example 9 77 1140 0.004 110 -41 -33
Example 10 80 1180 0.006 114 -49 -41
Example 11 72 1160 0.010 112 -41 -34
Example 12 75 1240 0.002 120 =55 -49
Comparative Example 2 89 740 0.002 110 -38 -31
Example 13 85 1060 0.002 114 -44 -36
Example 14 83 1200 0.002 118 -51 -43
Example 15 89 1000 0.002 110 =37 -30
Comparative Example 3 78 950 0.003 110 -34 -28
Example 16 58 1400 0.002 114 -26 -19
Example 17 53 1380 0.002 110 -21 -13
Comparative Example 4 80 500 0.004 116 -68 -60
Example 18 64 1120 0.006 120 -60 -53
Example 19 74 1080 0.010 116 -53 -47
Comparative Example 5 38 860 0.002 116 =50 -43
Example 20 28 1480 0.002 120 -42 -34
Example 21 38 1440 0.002 116 =35 =27
Example 22 81 1120 0.003 108 -23 -16
Example 23 98 1300 0.001 108 -26 -20
Comparative Example 6 87 780 0.003 110 -26 -16
Comparative Example 7 76 1160 0.002 112 -30 =22
Comparative Example 8 72 1160 0.002 112 -30 =22
Example 24 82 1160 0.004 112 -34 -24
Example 25 85 1160 0.006 112 -34 -28
Example 26 83 1160 0.002 112 =35 -28
Example 79 72 1160 0.002 112 -30 =22
Example 80 72 1160 0.002 112 -30 =22
Example 27 55 1540 0.003 112 -42 -36
Example 28 72 1160 0.001 112 -30 -24
Comparative Example 11 87 580 0.003 112 -18 -11
Example 29 72 1160 0.002 112 -28 -20
Example 30 55 1540 0.002 112 -32 -24
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TABLE 2-continued
Piezoelectric Mechanical Dielectric
Constant Quality Tangent
d31(pmvV) (—) (—) Te(°C) Tto(°C.) Tot(°C.)
Example 31 72 1160 0.004 112 -28 -21
Comparative Example 12 87 580 0.006 112 -12 -6
Example 32 72 1160 0.010 112 -26 -19
Example 33 75 1110 0.002 112 -24 -16
Example 34 55 1540 0.002 112 -36 -28
Example 35 38 920 0.002 112 -28 -21
Comparative Example 13 33 1320 0.002 128 =22 -16
Comparative Example 14 58 1220 0.002 118 -10 0
Example 36 44 720 0.003 112 -22 -30
Example 37 97 690 0.002 112 -47 -39
Example 38 98 690 0.002 112 -45 -38
Example 39 95 690 0.004 112 -47 -41
Example 40 97 690 0.006 112 -46 -39
Example 76 94 560 0.010 106 -40 -32
Example 41 97 690 0.002 112 -47 -39
Example 42 87 1070 0.002 112 -37 -30
Example 43 82 1270 0.002 112 -32 -26
Example 44 99 1030 0.002 108 =25 -18
Example 45 96 1080 0.002 108 -26 -18
Example 46 97 1070 0.002 108 =25 -17
Example 47 109 880 0.003 102 -28 -21
Example 48 94 1070 0.002 104 -24 -16
Example 49 104 1350 0.002 104 -20 -13
Example 50 103 1550 0.003 104 -20 -12
Example 51 106 970 0.002 106 -27 -19
Example 52 104 890 0.002 104 -21 -14
Example 77 55 970 0.004 120 -63 -50
Example 78 60 870 0.003 108 -68 -60
Comparative Example 16 125 870 0.003 98 -11 -5
Comparative Example 17 117 870 0.005 98 -16 -9
Comparative Example 18 55 220 0.015 123 -16 0
Comparative Example 19 74 280 0.020 127 -4 16

The test piece of the comparative example 1 has a larger Ca
amount “x” value (i.e., 0.320). In the measurement of X-ray
diffraction, a CaTiO3 phase (i.e., an impurity phase) has been
detected. It has been confirmed that the piezoelectric constant
d;, ofthe test piece is lower by 20 pm/V compared to the test
piece of the example 3 that is identical to the comparative
example 1 in the amounts of Ti, Zr, and Bi, although the Ca
amount “x” is 0.300.

The test piece of the comparative example 14 has a smaller
Ca amount “x” value (i.e., 0.085). Therefore, the test piece of
the comparative example 14 has a higher T,, value (i.e., -10°
C.) and a higher T_, value (i.e., 0° C.) It has been confirmed
that the temperature dependency in the piezoelectric constant
is large in the operating temperature range.

The test piece of the comparative example 16 has a larger
Zr amount “y” value (i.e., 0.095). Therefore, the T, value is
relatively lower (i.e., 98° C.), the Tto value is higher (-11°
C.), and the Tot value is higher (-5° C.). On the contrary, in
the test piece of the example 52 (y=0.085) that is identical to
the test piece of the comparative example 16 in the Ca
amount, it has been confirmed that the Tc¢ value is 104° C., the
Tto value is =21° C., and the Tot value is -14° C.

The test piece of the comparative example 13 has a smaller
Zr amount “y” value (i.e., 0.020). It has been confirmed that
the piezoelectric constant d;, of the test piece is lower by 42
um/V compared to the example 33 (y=0.059) that is identical
to the comparative example 13 in the Ca amount.

The test piece of the comparative example 8 has a smaller
“a”value (i.e.,0.985) and therefore an abnormal grain growth
has been observed. The material strength may be insufficient
in cut working and polish working because the particle diam-
eter is greater than 50 um. In addition, it has been confirmed
that the piezoelectric constant d;, of the test piece is lower by
10 um/V compared to the example 24.
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The test piece of the example 14 contains Ti although a part
of Ti is replaced by Zr and Sn. The test piece of the example
14 has demonstrated satisfactory characteristics, which
include a higher Qm value (by an amount 0f 460), a lower T,
value (by an amount of 13° C.), and a lower T, value (by an
amount of 12° C.) compared to the comparative example 2
(y=0.065, Z=0.000) that is identical to the example 14 in the
Ti amount.

The test piece of the comparative example 17 has a larger
Sn amount “z” (i.e., 0.03). It has been confirmed that the Tc
value of the test piece is 98° C. In other word, the test piece of
the comparative example 17 has a lower Tc value (by an
amount of 6° C.) compared to the example 52 (y=0.082,
7=0.003) that is identical to the comparative example 17 in the
Ti amount.

Further, if the phase transition temperature is evaluated on
the comparative examples 6, 11, and 12 and the examples 24,
27, 29, 30, 33, and 34 in the table 2, it is understood that
adding the Bi component is effective to reduce the T,, value
andthe T, value without reducing the Curie temperature T .of
the piezoelectric material. More specifically, it has been con-
firmed that a sample of each example has a smaller tempera-
ture dependency in the piezoelectric characteristics compared
to a comparable sample that is similar in the Tc amount.

Next, to confirm the durability of the piezoelectric element,
test pieces of the examples 24, 27, 29, 30, 33, and 34 and the
comparative examples 11 and 12 have been placed in a ther-
mostat chamber and subjected to a temperature cycle test. The
temperature cycle test includes 100 cycles repetitively per-
formed, in each cycle of which the temperature changes in
order of 25° C.—-20° C.—+50° C.—25° C. The piezoelectric
constant d, values have been compared before and after the
cycle test. The test pieces of the examples 24, 27, 29, 30, 33,
and 34, in which the phase transition temperature T, is =20 or
less, have demonstrated that a change rate in piezoelectric
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characteristics is 5% or less. On the other hand, test pieces of
the comparative examples 11 and 12 whose phase transition
temperature T, is higher than -20° C. have demonstrated that
areduction amount of the piezoelectric constant d,, is greater
than 5%. In the comparative example 6, the phase transition
temperature T, of the test piece is equal to or less than -20°
C. The change rate in the piezoelectric constant d;, after the
cycletestis equal to or less than 5%. However, the mechanical
quality factor at the room temperature is lower (by an amount
ot 380) compared to the example 24.

34

Further, it has been confirmed that the mechanical quality
factor is remarkably lower (namely, less than 300) in the
comparative examples 18 and 19.

FIGS. 15A to 18D illustrate temperature dependencies of
the test pieces in the comparative examples 2 to 5 and the
examples 15, 17, 18, and 21 in the table 1 with respect to
relative dielectric constant, dielectric tangent, piezoelectric
constant d;, and mechanical quality factor. It is understood
from FIGS. 15A to 15D that a sample containing the Bi

Th . h h . .10 at !

_ Lhe test piece whose phase transition temperature T,, is " component has a phase transition temperature shifted toward
higher than -20° C. causes repetitive phase transitions a low temperature side and a relative dielectric constant hav-
betvlveen tetCragopal and o.thorhﬁ)mblc duppg th}f temperature ing a smaller change width in a measurement temperature
tCYIC e tiSt' atlllfltng rep(;:.tiiitﬂlvept ase tranimons etwleep Ci,y s range, compared to a sample containing not Bi component.

al systems that are ditierent i spontaneous polarization -, g Further, it is understood from FIG. 16A to 16D that the

direction can promote depolarization. It is believed that the dielectric taneent can be remarkably reduced at —20° C. or

reduced amount of the piezoelectric constant d, is larger in less in th g le of th le 1 Si/h { contai 6 . "

the test piece whose phase transition temperature T, is higher essm efsaBmpI o Zexamp:ief I?I (C}OIi ‘271215 4 slu7D01§n

than -20° C. More specifically, the piezoelectric ceramics can amqunt ol bi. {15 un ersFoo rom : to that

be evaluated as being dissatisfactory in element durability if ad,dmg the Bi Fomponer}t is effective t? decrease a change

the phase transition temperature T, is high than ~20° C. 20 width of the plezoele.:cmc constant d,; in the measurement
To confirm adhesion properties of the electrode of each ~ temperaturerange. Itis understood from FIG. 18 A to 18D that

piezoelectric element, a grid-pattern tape test (former JIS adding the Bi component is effective to increase the mechani-

K5400) has been conducted on the test pieces of the examples cal quality factor in the measurement temperature range.

24,27, 29, 30, 33, and 34. The conducted grid-pattern tape 5

test incl.udes fo.rr.ning e?leve.:n parallel notches at intervals of 2 Examples 53 to 60 and Comparative

mm, using a utility knife, in such a way as to have the depth Examples 20 to 23

reaching the body underlying the electrode and then forming

Zlmifraﬁoizhc? 90 (I)l (tilée izzt?ﬂz igﬁg&%ﬁeﬁmﬁgfcz &Z;Et?ateg The raw material powder used to fabricate the piezoelectric

Y ge grees. : guep P€ 30 ceramics has an average grain diameter of 100 nm and
test further includes strongly putting an adhesive tape on the ) 5 . A - . .
grid-pattern portion of the electrode and then immediately includes barium titanate, calcium titanate, calcium zirconate,
peeling the tape off the electrode while holding an edge of the lithium carbonate, bismuth oxide, and tetramanganese triox-
tape at the angle of 45 degrees. As a result of the above- ide, in addition to glass assistant containing Si and B (includ-
mentioned test, it has been confirmed that the number of 35 ing SiO, by 30 to 50 wt. %, and B,O; by 21.1 wt. %). The
peeled square electrodes is equal to or less than 5% of all weighing of the above-mentioned raw material powder has
square electrodes divided into the size of 2 mmx2 mm. been performed for each test piece in such a way as to realize

The test piece of the example 76 (in which the content o he ratio indicated in table 3. Subsequently, a compact has
Mg Excs:edls 0. 110tOOf pe;rts by Welggtt) 11?15 a relatllve1%17lt0W‘:31r been fabricated using a method similar to that used for the test
ﬁe\)cvh?glllcihgﬁl }e/ln?guc;f{ ?sorilrllp:rfan Oe ffoemxa(r)n(l))ozs a rts by 0 pieces described in the table 1. The obtained compact has
weight to 0 100(% parts by weight & ' P Y been held in an electric furnace held at 1200° C. for five hours

Further, the piezoelectric materials of the examples 47, and and sintere?d in the atmosphere for 24 hogr S Subsequen.tly,
49 to 52 (in which the Zr amount exceeds 0.074) have dem- each test piece has been subjected to working and evaluation
onstrated excellent piezoelectric characteristics, especially in similar to those applied to the test pieces described in the
that the piezoelectric constant exceeds 100 pm/V. table 1.

TABLE 3
Fifth
First Second Third Subcomponent
Subcomponent Subcomponent Subcomponent Glass
Main Component Mn Li Bi Assistant Sintering
Ba Ca Ti Zr Sn Parts By Parts By Parts By Parts By Temperature
1-x X l-y-z y z a Weight Weight Weight Weight (°C)

Comparative ~ 0.870 0.130 0970  0.030 0.000 1.0079 0.300 0.0008 0.025 0.100 200

Example 20

Example 53 0.870 0130 0970  0.030 0.000 1.0019 0.300 0.0003 0.084 0.100 200

Example 54 0.870 0130 0970  0.030 0.000 1.0019 0.300 0.0006 0.170 0.100 200

Comparative ~ 0.870 0.130 0970  0.030 0.000 0.9900 0.000 0.0006 0.170 0.100 200

Example 21

Comparative ~ 0.870 0.130 0970  0.030 0.000 1.0060 0.400 0.0006 0.170 0.100 200

Example 22

Example 55 0.870 0130 0970  0.030 0.000 1.0019 0.300 0.0008 0.250 0.100 200

Example 56 0.870 0130 0970  0.030 0.000 0.9968 0.300 0.0012 0.840 0.100 200

Comparative ~ 0.870 0.130 0970  0.030 0.000 0.9968 0.300 0.0012 1.690 0.100 200

Example 23

Example 57 0.880 0.120 0960  0.040 0.000 1.0019 0.300 0.0008 0.250 0.100 200

Example 58 0.890 0.110 0970  0.025 0.000 1.0019 0.300 0.0008 0.250 0.100 200
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TABLE 3-continued
Fifth
First Second Third Subcomponent
Subcomponent Subcomponent Subcomponent Glass
Main Component Mn Li Bi Assistant Sintering
Ba Ca Ti Zr Sn Parts By Parts By Parts By Parts By Temperature
1-x X l-y-z y z a Weight Weight Weight Weight °C)
Example 59 0.900  0.100 0.970  0.030 0.000 1.0019 0.300 0.0008 0.250 0.100 200
Example 60 0.910  0.090 0.960  0.040 0.000 1.0019 0.300 0.0008 0.250 0.100 200

The following table 4 summarizes measurement results of
the examples and the comparative examples described in

composition of the example 54 described in the table 3. The
weighed raw material powder has been mixed in the ball mill

table 3 at the room temperature with respect to electrome- 15 for a night to obtain a mixed powder.
chanical coupling factor k;,, Young’s modulus Y, |, piezo- Then, the obtained mixed powder has been mixed with an
electric constant d,;, mechanical quality factor Qm, relative additive of PVB and formed into a green sheet having a
dielectric constant &,, T,,, T,,, and T.. thickness of 50 um according to a doctor blade method.
TABLE 4
Electro- Mechanical Relative Di-
Li Bi mechanical Young’s Piezoelectric Quality Dielectric  electric

Parts By Parts By Coupling Modulus Constant Factor Constant Tangent  Tto Tot Te

Weight Weight Factor Y, (GPa) ds; (pm/V) Qm (—) Er(—) (—) (°C) °C) (°C)
Comparative 0.0008 0.025 0.228 121 72 669 1347 0.004 -42 -30 116
Example 20
Example 53 0.0003 0.084 0.221 119 68 746 1300 0.004 -44 -32 118
Example 54 0.0006 0.170 0.218 120 66 923 1283 0.005 -46 -37 116
Comparative 0.0006 0.170 0.216 121 65 723 1274 0.003 -46 -37 118
Example 21
Comparative 0.0006 0.170 0.213 123 66 743 1263 0.014 -46 -39 120
Example 22
Example 55 0.0008 0.250 0.217 121 68 834 1276 0.003 =53 -46 116
Example 56 0.0012 0.840 0.218 124 63 1120 1132 0.004 -59 =53 118
Comparative 0.0012 1.690 0.153 119 43 1108 931 0.002 <-100 <-100 120
Example 23
Example 57 0.0003 0.084 0.215 126 62 909 1198 0.001 -55 -40 118
Example 58 0.0006 0.170 0.207 131 56 973 1101 0.004 -65 -55 120
Example 59 0.0008 0.250 0.197 134 52 1044 1037 0.005 =70 -65 116
Example 60 0.0012 0.840 0.159 144 64 876 876 0.003 -68 -60 112

40
The test piece of the comparative example 21 does not

contain any Mn component. It has been confirmed that the
mechanical quality factor Qm of the test piece of the com-
parative example 21 is lower (at least 200) than that of the test
piece of the example 54.

It has been confirmed in a sample of the comparative
example 22, which includes Mn by 0.36 parts by weight or
more, that the dielectric tangent exceeds 0.01 and becomes
higher than the dielectric tangent (i.e., 0.005) of the example
54.

The comparative example 20 has demonstrated the lowest
mechanical quality factor because the addition amount of the
Bi component is less than 0.042 parts by weight.

The comparative example 23 has demonstrated a lower
value with respect to the piezoelectric constant d;,; (approxi-
mately lower by 20) compared to the example 56, because the
addition amount of the Bi component is greater than 0.858
parts by weight.

Example 61

The weighing of barium titanate (BaTiO;), calcium titan-
ate (CaTiO,), calcium zirconate (CaZrO,), lithium carbonate
(Li,CO;), bismuth oxide (Bi,0;), tetramanganese trioxide
(Mn;0,), and glass assistant containing Si and B (including
Si0, by 30 to 50 wt. % and B,O; by 21.1 wt. %) has been
performed for a test piece in such a way as to attain the
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Then, to form an internal electrode, an electrically conduc-
tive paste has been printed on the above-mentioned green
sheet. The electrically conductive paste used in this case is an
alloy paste containing Ag 60%-Pd 40%. Then, a multilayered
body has been obtained by successively stacking nine green
sheets with the electrically conductive paste applied thereon.
Then, a sintered compact has been obtained by sintering the
above-mentioned multilayered body at 1200° C. for five
hours. The sintered compact has been cut into a piece having
a size of mmx2.5 mm. Subsequently, side surfaces of the
sintered compact have been polished and a pair of external
electrodes (i.e., the first electrode and the second electrode),
each electrically connecting the internal electrodes alter-
nately, has been formed by Au sputtering. Through the above-
mentioned processes, the multilayered piezoelectric element
illustrated in FIG. 2B has been fabricated.

The observation on the internal electrodes of the obtained
multilayered piezoelectric element has revealed that Ag—Pd
(i.e., the electrode material) layers and piezoelectric material
layers are alternately formed.

Prior to the evaluation of piezoelectricity, the test piece has
been subjected to polarization processing. More specifically,
the test piece has been heated in an oil bath at 100° C. A
voltage of 1 kV/mm has been applied between the first elec-
trode and the second electrode for 30 minutes. Then, under
continuous application of the voltage, the test piece has been
cooled until the temperature reaches the room temperature.
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According to the evaluation of the piezoelectricity, it has
been confirmed that the obtained multilayered piezoelectric
element possesses sufficient insulating properties and also
possesses satisfactory piezoelectric characteristics compa-
rable to the piezoelectric material of the example 33.

Example 62

A mixed powder has been fabricated by using a method
similar to that of the example 61. Then, a calcined powder has
been obtained by performing calcination in the atmosphere at
1000° C. for three hours while rotating the obtained mixed
powder in a rotary kiln. Then, the obtained calcined powder
has been cracked in the ball mill. Then, the obtained cracked
powder has been mixed with an additive of PVB and formed
into a green sheet having a thickness of 50 um according to the
doctor blade method. Then, to form an internal electrode, an
electrically conductive paste has been printed on the above-
mentioned green sheet. The electrically conductive paste
used in this case is a Ni paste. Then, a multilayered body has
been obtained by successively stacking nine green sheets with
the electrically conductive paste applied thereon. Then, the
obtained multilayered body has been subjected to thermo-
compression bonding.

Further, the thermocompression-bonded multilayered
body has been sintered in a tube furnace. The sintering has
been performed in the atmosphere until the temperature
increases to 300° C. Then, after being subjected to debinding,
the sintered multilayered body has been placed in a reducing
atmosphere (H,:N,=2:98, oxygen concentration 2x107° Pa)
and held at 1200° C. for five hours. In a temperature-fall
process reaching the room temperature, the oxygen concen-
tration has been switched to 30 Pa at 1000° C. or less.

Then, the sintered compact obtained in the above-men-
tioned manner has been cut into a piece having a size of
mmx2.5 mm. Subsequently, side surfaces of the sintered
compact have been polished and a pair of external electrodes
(i.e., the first electrode and the second electrode), each elec-
trically connecting the internal electrodes alternately, has
been formed by Au sputtering. Through the above-mentioned
processes, the multilayered piezoelectric element illustrated
in FIG. 2B has been fabricated.

The observation on the internal electrodes of the obtained
multilayered piezoelectric element has revealed that Ni (i.e.,
the electrode material) layers and piezoelectric material lay-
ers are alternately formed. The obtained multilayered piezo-
electric element has been subjected to polarization processing
in the oil bath at 100° C. under application of the electric field
of 1 kV/mm for 30 minutes. According to the evaluation of
piezoelectric characteristics on the obtained multilayered
piezoelectric element, it has been confirmed that the obtained
multilayered piezoelectric element possesses sufficient insu-
lating properties and also possesses satisfactory piezoelectric
characteristics comparable to the piezoelectric element of the
example 54.

Example 63
The piezoelectric element of the example 20 has been used
to fabricate the liquid discharge head illustrated in FIG. 3. It
has been confirmed that the fabricated liquid discharge head
can discharge an ink according to an input electric signal.

Example 64

The liquid discharge head of the example 63 has been used
to fabricate the liquid discharge apparatus illustrated in FIG.
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4. It has been confirmed that the fabricated liquid discharge
apparatus can discharge an ink to a recording medium accord-
ing to an input electric signal.

Example 65

The piezoelectric element of the example 20 has been used
to fabricate the ultrasonic motor illustrated in FIG. 6A. It has
been confirmed that the fabricated ultrasonic motor can rotate
according to an applied alternating voltage.

Example 66

The ultrasonic motor of the example 65 has been used to
fabricate the optical device illustrated in FIG. 7. It has been
confirmed that the fabricated optical device can perform an
auto-focusing operation according to an applied alternating
voltage.

Example 67

The piezoelectric element of the example 20 has been used
to fabricate the dust removing apparatus illustrated in FI1G. 9.
It has been confirmed that the fabricated dust removing appa-
ratus can attain satisfactory dust removal efficiency in the
event of spraying plastic beads under application of an alter-
nating voltage.

Example 68

The dust removing apparatus of the example 67 has been
used to fabricate the imaging apparatus illustrated in FIG. 12.
It has been confirmed that the fabricated imaging apparatus
can adequately remove dust particles from a surface thereof
when the imaging unit is in an operating mode and can obtain
an image free from dust defect.

Example 69

The multilayered piezoelectric element of the example 61
has beenused to fabricate the liquid discharge head illustrated
in FIG. 3. It has been confirmed that the fabricated liquid
discharge head can discharge an ink according to an input
electric signal.

Example 70

The liquid discharge head of the example 69 has been used
to fabricate the liquid discharge apparatus illustrated in FIG.
4. It has been confirmed that the fabricated liquid discharge
apparatus can discharge an ink to a recording medium accord-
ing to an input electric signal.

Example 71

The multilayered piezoelectric element of the example 61
has been used to fabricate the ultrasonic motor illustrated in
FIG. 6B. It has been confirmed that the fabricated ultrasonic
motor can rotate according to an applied alternating voltage.

Example 72

The ultrasonic motor of the example 71 has been used to
fabricate the optical device illustrated in FIG. 7. It has been
confirmed that the fabricated optical device can perform an
auto-focusing operation according to an applied alternating
voltage.
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Example 73

The multilayered piezoelectric element of the example 61
has been used to fabricate the dust removing apparatus illus-
trated in FIG. 9. It has been confirmed that the fabricated dust
removing apparatus can attain satisfactory dust removal effi-
ciency in the event of spraying plastic beads under application
of an alternating voltage.

Example 74

The dust removing apparatus of the example 67 has been
used to fabricate the imaging apparatus illustrated in FIG. 12.
It has been confirmed that the fabricated imaging apparatus
can adequately remove dust particles from a surface thereof
when the imaging unit is an operating mode and can obtain an
image free from dust defect.

Example 75

The multilayered piezoelectric element of the example 61
has been used to fabricate the electronic device illustrated in
FIG. 14. It has been confirmed that the fabricated electronic
device can perform a speaker operation according to an
applied alternating voltage.

The piezoelectric material according to the present inven-
tion possesses satisfactory piezoelectricity even in a high-
temperature environment. Further, the piezoelectric material
according to the present invention does not contain any lead
component and therefore can reduce an environmental load.
The piezoelectric material according to the present invention
can be preferably used for various devices, such as a liquid
discharge head, an ultrasonic motor, and a dust removing
apparatus, in which many piezoelectric materials are used.

In an operating temperature range of an piezoelectric ele-
ment, the piezoelectric material according to the present
invention is smaller in temperature dependency in piezoelec-
tricity, higher in both density and mechanical quality factor,
and satisfactory in piezoelectricity. The piezoelectric material
according to the present invention does not contain any lead
component and therefore can reduce the environmental load.

While the present invention has been described with refer-
ence to examples, it is to be understood that the invention is
not limited to the disclosed examples. The scope of the fol-
lowing claims is to be accorded the broadest interpretation so
as to encompass all such modifications and equivalent struc-
tures and functions.

This application claims the benefit of Japanese Patent
Application No. 2013-146304 filed Jul. 12, 2013 and No.
2014-109341 filed May 27, 2014, which are hereby incorpo-
rated by reference herein in their entirety.

What is claimed is:

1. A piezoelectric material comprising:

a main component containing a perovskite-type metal
oxide expressed by the following general formula (1);

a first subcomponent containing Mn;

a second subcomponent containing Li; and

a third subcomponent containing Bi,

wherein the content of Mn on a metal basis is not less than
0.04 parts by weight and is not greater than 0.36 parts by
weight when the metal oxide is 100 parts by weight, the
content a of Li on a metal basis is equal to or less than
0.0012 parts by weight (including 0 parts by weight)
when the metal oxide is 100 parts by weight, and content
[ of Bi on a metal basis is not less than 0.042 parts by
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weight and is not greater than 0.850 parts by weight
when the metal oxide is 100 parts by weight

(Balfxcax)a(Tilfyfzzrysnz)OS 1

(in the formula (1), 0.09=x=0.30, 0.025=<y=<0.085, 0=z=<0.02,
and 0.986<a=<1.02).

2. The piezoelectric material according to claim 1, wherein
a relationship 0.055=<y=<0.085 is satisfied with respect to “y”
in the general formula (1).

3. The piezoelectric material according to claim 1, wherein
the piezoelectric material includes a fourth subcomponent
containing Mg, and the content of the fourth subcomponent
on a metal basis is equal to or less than 0.10 parts by weight
(excluding O parts by weight) when the perovskite-type metal
oxide that can be expressed using the general formula (1) is
100 parts by weight.

4. The piezoelectric material according to claim 1, wherein
the piezoelectric material includes a fifth subcomponent that
contains at least one of Si and B, and the content of the fifth
subcomponent on a metal basis is not less than 0.001 parts by
weight and is not greater than 4.000 parts by weight when the
perovskite-type metal oxide that can be expressed using the
general formula (1) is 100 parts by weight.

5. The piezoelectric material according to claim 1, wherein
a relationship y+z=(11x/14)-0.037 is satisfied in the general
formula (1).

6. The piezoelectric material according to claim 1, wherein
a relationship x=<0.17 is satisfied in the general formula (1).

7. The piezoelectric material according to claim 1, wherein
the Curie temperature of the piezoelectric material is equal to
or greater than 100° C.

8. The piezoelectric material according to claim 1, wherein
a dielectric tangent of the piezoelectric material at a fre-
quency of 1 kHz is equal to or less than 0.006.

9. A piezoelectric element that includes a first electrode, a
piezoelectric material portion, and a second electrode,
wherein a piezoelectric material that constitutes the piezo-
electric material portion is the piezoelectric material accord-
ing to claim 1.

10. A liquid discharge head comprising:

a liquid chamber that is equipped with a vibrating unit in
which the piezoelectric element according to claim 9 is
disposed, and

a discharge port that communicates with the liquid cham-
ber.

11. A liquid discharge apparatus comprising:

aportion on which an image transferred medium is placed,
and

the liquid discharge head according to claim 10.

12. An ultrasonic motor comprising:

avibrating body in which the piezoelectric element accord-
ing to claim 9 is disposed, and

a moving body that contacts the vibrating body.

13. An optical device comprising:

a driving unit that includes the ultrasonic motor according
to claim 12.

14. A vibrating apparatus comprising:

avibrating body in which the piezoelectric element accord-
ing to claim 9 is disposed on a vibration plate.

15. A dust removing apparatus comprising:

a vibrating unit in which the vibrating apparatus according
to claim 14 is provided.

16. An imaging apparatus that includes the dust removing

apparatus according to claim 15 and an image sensor unit,
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wherein a vibration plate of the dust removing apparatus is
provided on alight-receiving surface of the image sensor unit.

17. An electronic device in which a piezoelectric acoustic
device including the piezoelectric element according to claim
9 is disposed.

18. A multilayered piezoelectric element that includes a
plurality of piezoelectric material layers and a plurality of
electrode layers including at least one internal electrode that
are alternately multilayered, wherein the piezoelectric mate-
rial layer is made of the piezoelectric material according to
claim 1.

19. The multilayered piezoelectric element according to
claim 18, wherein the internal electrode includes Ag and Pd
and a relationship 0.25=M1/M2=4.0 is satisfied with respect
to a weight ratio M1/M2, in which M1 represents the content
of Ag and M2 represents the content of Pd.

20. The multilayered piezoelectric element according to
claim 18, wherein the internal electrode contains at least one
of Ni and Cu.

21. A liquid discharge head comprising:

aliquid chamber that includes a vibration unit in which the

multilayered piezoelectric element according to claim
18 is disposed, and

a discharge port that communicates with the liquid cham-

ber.
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22. A liquid discharge apparatus comprising:

aportion on which an image transferred medium is placed,
and

the liquid discharge head according to claim 21.

23. An ultrasonic motor comprising:

a vibrating body in which the multilayered piezoelectric
element according to claim 10 is disposed, and

a moving body that contacts the vibrating body.

24. An optical device comprising:

a driving unit in which the ultrasonic motor according to
claim 23 is provided.

25. A vibrating apparatus comprising:

a vibrating body in which the multilayered piezoelectric
element according to claim 10 is disposed on a vibration
plate.

26. A dust removing apparatus comprising:

a vibration unit in which the vibrating apparatus according
to claim 25 is provided.

27. An imaging apparatus that includes the dust removing
apparatus according to claim 26 and an image sensor unit,
wherein a vibration plate of the dust removing apparatus is
provided on alight-receiving surface of the image sensor unit.

28. An electronic device in which a piezoelectric acoustic
device including the multilayered piezoelectric element
according to claim 18 is disposed.
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